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AN  OPTOELECTRONICS  RESEARCH  CENTER 

The  University  of  New  Mexico’s  Optoelectronics  Research  Center  (ORC)  focuses  on 
nanophotonics  and  new  optical  materials,  devices,  and  systems.  These  areas  exemplify  the 
opportunities  presented  by  the  combination  of  nanotechnology  with  optoelectronics.  The  Center’s 
comprehensive  research  plan  addresses  the  challenges  inherent  in  these  topics. 

The  research  description  contains  5  tasks  divided  into  two  general  areas.  The  first  area  is  the 
area  of  nanomaterials  and  nanophotonics.  Two  tasks  are  described  there,  the  first  being  to 
understand  and  develop  applications  for  a  new  class  of  nanostructured  thin  films,  the  second 
exploring  circumstances  in  which  metal  films  can  transmit  a  high  fraction  of  an  incident 
electromagnetic  wave. 

The  second  area  of  research  is  in  new  optoelectronic  materials,  devices  and  systems.  The  first 
task  here  is  the  development  of  a  full-duplex  free  space,  solar  blind  communications  system  that 
could  be  of  significant  use  in  satellite  to  satellite  communications.  The  second  task  involves 
research  on  nanoheteroepitaxial  (NHE)  GaN  films  on  SiC  substrates.  We  will  target  an  emission 
wavelength  of  280  nm,  which  is  appropriate  for  many  of  the  biological  species  of  interest.  Finally 
a  new  compound  semiconductor  alloy,  InNAs,  will  be  investigated  in  the  last  task  for  its  role  in 
far-IR  sources  and  detectors  of  interest  to  the  Air  Force. 

Research  Area  1  -  Nanomaterials  and  Nanophotonics 

1.1  Title:  Development  of  Artificial  Dielectrics  for  Optical  and  Electrical 
Applications 

Investigator:  Thomas  W.  Sigmon 

Graduate  Research  Assistant:  Kai  Yang 
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Summary 
Film  fabrication 

Artificial  dielectric  films  are  prepared  by  spin-coating  precursor  solutions  onto  silicon  wafers 
of  selected  resistivity  and  carrier  type.  By  changing  the  weight  percentage  of  gold,  different  gold 

loading  factors  can  be  obtained  for  the 
prepared  samples  of  gold/silica  nanocrystal 
arrays.  The  films  are  coated  using  spin  speeds 
of  300-500  rpm  in  air  with  10-20%  relative 
humidity  at  25C.  Following  formation  and 
spinning  onto  the  substrate  the  films  are  cured 
in  vacuum  at  50  °C  for  12  hours.  Typical  film 
thicknesses  are  approxunately  100  to  130nm. 
Optical  refractive  index 


Thermally  annealed  samples 
UV  light  treated  samples 


Y  =1.47953+0.137  X+0.064*4  > 
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A  set  of  samples  with  different  gold  loading 
factors  (0,  0.25,  0.5,  and  1.0)  prepared  in  the 
previously  described  manner  were  annealed  at 
180°C  for  5  hours.  Ellipsometer 
measurements  determined  that  the  film 
thicknesses  of  these  artificial  dielectric  films 
'■vs  the  optical  refractive  index  of  the  gold/silica  thin 
The  empirical  formula  for  the  optical  refractive  index 
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of  these  films  was  obtained  by  fitting  the  experimental  data  with  both  a  linear  and  polynomial  fit 
As  shown  in  Fig.  I,  for  the  linear  fit,  Y  =  1.4776  +  0. 1956  X,  where  Y  is  refractive  index,  and  X  is 
gold  loading  factor.  By  adding  a  bowing  factor,  we  get  Y  =  1 .4795+0. 1 37X+0.0644X2 . 

Nonlinear  optical  measurement 


FIG.  2  z-scan  normalized  transmittance  with  an  open  aperture(A)  and  closed  aperture  (S 
=  10%)  (B)  for  gold  NC/silica  films  (-1.5pm)  illuminated  using  nanosecond  pulses  of  peak 
intensity  I00  =  -0. 1 9GW/cm2  at  532  nm. 

Third-order  nonlinear  optical  properties  of  gold  nanocrystal(NC)/silica  thin  films  were 
investigated  both  on  and  off  the  surface  plasmon  resonance  (SPR)  wavelength  using  the  z-scan 
method  with  short  pulsed  lasers.  These  films  were  prepared  by  self-assembly  of  water-soluble 
gold  NC  micelles  and  silica  using  sol-gel  processing.  The  gold  NC  mean  size  is  -3  nm  and  the 
gold  volume  fraction  is  -5.6  %  in  these  films.  The  SPR  absorption  peak  of  these  films  occurs  at 
-520  nm.  At  a  wavelength  of  532  nm,  the  values  of  the  nonlinear  absorption  coefficient  |3  and 
nonlinear  refractive  index  coefficient  y  were  determined  to  be  (3  =  -2.3  x  I  O'6  m/W,  and  y  =  -4.5  x 
I  O'14  rnVw,  corresponding  to  an  absolute  value  of  x(3)  -1.1  x  1  O'7  esu. 

Accomplishments: 

•  Demonstration  of  thin  films  of  self-assembled  ordered  metal  nanocrystal  arrays 

•  Fabrication  of  thin  film  structures  of  such  arrays 

•  Engineering  the  optical  refractive  index  of  the  metal  nanocrystal  arrays  by  changing  the  gold 
loading  factor 

•  Third-order  nonlinear  optical  properties  of  Au  NC/silica  thin  films  were  studied  both  on  and 
off  the  surface  plasmon  resonance  wavelength  using  Z-scan  measurements  with  short  pulsed 
lasers. 

•  For  the  532  nm  measurement,  values  of  the  nonlinear  absorption  coefficient  (3  and  nonlinear 
refractive  index  coefficient  y  were  obtained  using  open-  and  closed-aperture  z-scan 
measurements  with  values  of  P  =  -2.3  x  I  O'6  m/W  and  y  =  -  4.5  x  10’14  m2/W  being 
determined.  The  large  enhancement  found  for  the  third-order  optical  nonlinearities  is 
qualitatively  explained  by  the  local  field  enhancement  at  the  gold  NCs  occurring  at  the 
surface  plasmon  resonance. 

Publications: 

1.  Kai  Yang,  Hongyou  Fan,  Michael  J.  O'Brien,  Kevin  J.  Malloy,  Thomas  W.  Sigmon, 
Gabriel  P.  Lopez,  Jeffrey  C.  Brinker,  Mansoor  Sheik-Bahae,  “Surface  plasmon 
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excitations  in  3-D,  ordered,  gold  nanocrystal  arrays  using  a  prism  coupler”,  accepted  by 
MRS  05  fall  meeting,  Boston,  2005 

2.  Kai  Yang,  Hongyou  Fan,  Li  Wang,  Olivier  J.  Chalus,  Weiliang  Chen,  Ravi  Jain,  Kevin 
J.  Malloy,  C.  Jeffrey  Brinker,  Jean-Claude  Diels,  and  Thomas  W.  Sigmon,  “Z-scan 
studies  of  the  third-order  optical  nonlinearity  of  sol-gel  derived  gold  nanocrystal/silica 
films”,  accepted  by  MRS  05  fall  meeting,  Boston,  2005 

3.  Kai  Yang,  Hongyou  Fan,  Kevin  J.  Malloy,  C.  Jeffrey  Brinker,  and  Thomas  W.  Sigmon, 

“ Optical  and  electrical  properties  of  self-assembled,  ordered  gold  nanocrystal/ silica 
thin  films  prepared  by  sol-gel  processing \  Thin  Solid  Films,  491,  38  2005. 

4.  Hongyou  Fan,  Kai  Yang,  Daniel  M.  Boye,  Thomas  W.  Sigmon,  Kevin  J.  Malloy, 
Huifang  Xu,  Gabriel  P.  Lopez,  and  C.  Jeffrey  Brinker,  “ Self-Assembly  and  Integration  of 
Ordered,  Robust,  Three-Dimensional  Gold  Nanocrystal /Silica  Array  \  Science,  304,  567, 
2004 

5.  Kai  Yang,  Hongyou  Fan,  Kevin  J.  Malloy,  C.  Jeffrey  Bnnker,  and  Thomas  W.  Sigmon, 
“ Electrical  and  optical  properties  of  self-assembled,  ordered  gold  nanocrystal  Silica  thin 
films  prepared  by  sol-gel  processing \  Mater.  Res.Soc.  Symp.Proc.,  Vol  872,  pp.  J7.5.1- 
6,  2005 

6.  Kai  Yang,  Hongyou  Fan,  Michael  J.  O'Brien,  Kevin  J.  Malloy,  Thomas  W.  Sigmon, 
Gabriel  P.  Lopez,  Jeffrey  C.  Brinker,  Mansoor  Sheik-Bahae,  “Self-Assembled,  Ordered 
Gold  Nanocrystal/Silica  Thin  Films  for  Prism-based  Surface  Plasmon  Resonance 
Sensors”,  Conference  on  lasers  and  Electro-Optics  (CLEO/QELS  2005),  Technique 
Digest.  TOPS,  JTuC102,  2005 

Conference  Presentations: 

1.  Kai  Yang,  Hongyou  Fan,  Michael  J.  O'Brien,  Kevin  J.  Malloy,  Thomas  W.  Sigmon, 
Gabriel  P.  Lopez,  Jeffrey  C.  Brinker,  Mansoor  Sheik-Bahae,  “Self-Assembled,  Ordered 
Gold  Nanocrystal/Silica  Thin  Films  for  Prism-based  Surface  Plasmon  Resonance 
Sensors”,  CLEO/QELS  2005,  in  Baltimore,  Maryland,  May  22-27,  2005. 

2.  Kai  Yang,  Hongyou  Fan,  Kevin  J.  Malloy,  C.  Jeffrey  Brinker,  and  Thomas  W.  Sigmon, 

“ Electrical  and  optical  properties  of  self-assembled,  ordered  gold,  nanocry  stal/silica  thin 
films  prepared  by  sol-gel  processing \  MRS  2005  Spring  meeting,  Symposium  J,  San 
Francisco,  California,  March  28-April  l,  2005 

3.  Hongyou  Fan,  Kai  Yang,  Kevin  Malloy,  Thomas  Sigmon  and  Jeff  Brinker,  “Self- 
Assembly  and  Integration  of  Ordered \  Robust ,  Three-Dimensional  Gold 
Nanocrystal  Silica  Array^\  MRS  "04  Spring  meeting,  Symposium  M5.34,  San  Francisco, 
California,  April  12  -  16,  2004 

4.  Hongyou  Fan,  Kai  Yang,  Kevin  Malloy,  Thomas  Sigmon  and  Jeff  Brinker,  “ Surfactant- 
Assisted  self-assembly  of  water-soluble  nanocrystal,  ordered  arrays ,  and  their 
integration ”,  MRS  ’04  Spring  meeting,  Symposium  01.7/WL7,  San  Francisco, 
California,  April  12-  16,  2004 
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1.2  Development  of  Long  Wave  Infrared  Quantum  Dot  Detectors 
PI:  Sanjay  Krishna 

Prof.  Sanjay  Krishna,  Center  for  High  Technology  Materials,  University  of  New  Mexico 
has  been  involved  in  developing  mid-wave  (3-5  mm)  and  long  wave  (8-12  mm)  sensors  based  on 
intersuband  transitions  in  nanoscale  quantum  dots.  This  is  an  active  collaboration  with  constant 
feedback  since  the  sensors  are  designed,  grown  and  fabricated  in  Prof  Krishna’ s  group  and  are 
then  characterized  by  research  scientists  working  closely  with  the  DOD  labs  (AFRL/ARL). 
Recently  Prof.  Krishna’s  group  has  been  involved  in  fabricating  focal  plane  arrays  based  on  self 
assembled  quantum  dots  and  strain  layer  superlattices.  One  of  the  processing  schemes  is  shown  in 
Figure  I. 


Mesa 


Substrate 


Fig.  1  :  Process  schematic  for  fabrication  of  a  320  x  256  focal  plane  array. 
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Accomplishments: 

Some  of  the  accomplishments  of  this  collaboration  in  the  past  year  are: 

•  Demonstration  of  very  long  wave  infrared  (VLWIR)  detectors  (25  mm)  based  on 
intersubband  transitions  in  the  quantum  dots  at  80K.  This  is  the  largest  operating 
temperature  for  any  intersubband  VLWIR  detector 

•  Demonstrated  a  three  color  (4  mm,  8  mm  and  25  mm)  QD  sensor  with  background 
limited  infrared  performance  (BLIP)  at  9IK  under  fl.7,  300K  background.  This  is  the 
highest  reported  BLIP  temperature  in  any  intersubband  LW1R  detector 

•  Demonstration  of  spectrally  adaptive  quantum  dot  detectors  that  can  be  used  for  rock 
classification 

•  Demonstration  of  the  first  LW1R  quantum  dot  camera  using  a  320x256  read  out 
integrated  circuit 


Fig.  2:  Image  of  a  300K 
object  using  the  first  long 
wave  infrared  quantum  dot 
camera  (Collaboration  with 
Zia  Laser  Inc  and  BAE 
Systems  Inc). 


Publications  and  Presentations  (relevant  to  this  grant): 

•  S. Krishna,  D.  Forman,  S.  Annamalai,  P.  Dowd,  P.  Varangis,  T.  Tumolillo,  A.  Gray, 
J.Zilko,  K.  Sun,  M.  Liu,  J.  Campbell,  D.  Carothers  “Demonstration  of  a  320  x  256  Two- 
Color  Focal  Plane  Array  Using  InAs/InGaAs  Quantum  Dots  in  a  Well  Detec  tors”  App  I . 
Phys.  Lett,  86,  193501,2005. 

•  “Normal  Incidence  InAs/InGaAs  Quantum  dots  in  a  Well  Detectors  Spanning  the  Long 
Wave  Atmospheric  Window”,  Journal  of  the  Korean  Physical  Society,  Vol.45,  S,  875, 
Dec  2004. 

•  Zhipeng  Wang,  Unal  Sakoglu,  Senthil  Annamalai,  Nina-Rae  Weisse-Bemstein,  Philip 
Dowd,  J.  Scott  Tyo,  Majeed  M.  Hayat,  and  San  jay  Krishna  “Real-time  implementation  of 
matched  filtering  algorithms  using  adaptive  focal-plane  array  technology”  Proc.  SP1E  Int. 
Soc.  Opt.  Eng.  5546,  73  (2004) 
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1.3  Optical  Interactions  with  Structured  Media 
PI:  S.  R.  J.  Brueck 

Work  during  this  period  has  concentrated  on  various  aspects  of  optical  interactions  with 
structured  media,  in  particular  with  various  waveguide  geometries.  In  particular  we  have 
evaluated  the  distribution  of  emission  of  a  dipole  embedded  in  an  arbitrary  plane  parallel 
dielectric  stack  between  bound  waveguide  modes  and  free-space  radiation  out  the  top/Tx)ttom  of 
the  slab.  This  calculation  was  initiated  in  the  context  of  vertical  cavity  lasers,  but  has  added 
relevance  to  the  issues  of  efficient  light  emission  from  LEDs.  Photonic  crystals  can  dramatically 
impact  this  emission.  To  date  our  explorations  have  been  primarily  experimental.  In  collaboration 
with  Maxion  Inc.,  we  have  demonstrated  the  first  midwave  infrared  DFB  laser  with  over  30  db 
side-mode  suppression.  We  have  also  begun  investigating  the  nnprovements  in  light  extraction 
that  can  be  achieved  on  GalnN  LEDs  with  the  addition  of  a  photonic  crystal  overlayer.  This  led  to 
increased  understanding  of  photonic  crystal  waveguides,  and  to  the  first  discussion  of 
“generalized  transverse  Bragg  waveguides”  wherein  the  Bragg  planes  are  at  an  angle  to  the 
waveguide  direction.  This  class  of  waveguide  has  both  new  physics  -  namely  the  presence  of  a 
standing  wave  component  in  the  guide  even  for  a  unidirectional  wave  -  and  important 
applications  -  to  wit  the  suppression  of  reflection  with  application  to  amplifiers  and  other 
unidirectional-gain  devices. 

Work  has  also  continued  on  the  generation  of  a  second  order  nonlinearity  in  poled 
structures.  During  this  period,  we  introduced  the  new  concept  of  a  stacked  structure  including 
both  SiCL  to  control  the  charge  migration  that  results  in  the  second-order  susceptibility  and  PbCL 
glass  to  provide  a  large  third  order  susceptibility.  This  resulted  in  the  largest  reported  second 
order  susceptibility.  Other  work  has  applied  the  nanoscale  interferometric  lithography  capability 
we  have  developed  in  a  number  of  promising  directions:  understanding  of  the  development  of 
stress  in  heterogeneous  materials  growth  and  development  of  wrap-around  gate  Si  transistor 
structures  with  improved  mobility  and  reduced  leakage  currents.  Finally,  at  the  end  of  the  period 
an  invited  review  article  summarizing  much  of  the  work  in  this  and  related  programs  was 
published  in  the  Proceedings  of  the  IEEE. 

Optical  emission  from  an  arbitrary  planar  dielectric  stack  -  analytical  treatment 
An  analytical  solution  for  the  radiation  emitted  from  a  dipole  embedded  in  an  arbitrary,  planar 
dielectric  film  stack  was  derived.  The  calculation  uses  a  rigorous  Hertz-vector  formalism  to  treat 
the  electromagnetic  boundary  conditions.  The  radiation  fields  are  then  evaluated  in  a  far-field 
approximation  to  get  the  radiated  fields  far  from  the  dipole.  Both  2D  emission  into  bound  modes 
of  the  dielectric  stack  and  3D  emission  into  radiation  fields  above  and  below  the  stack  are 
evaluated.  These  solutions  are  explored  for  two  simple  cases:  a  InGaAs  slab  symmetrically  clad 
with  up  to  four  high-contrast  (ALCVGaAs)  Bragg  mirror  pairs  and  semi-infinite  air  spaces;  and  a 
similar  asymmetric  structure  with  a  GaAs  substrate  on  one  side.  The  symmetric  structure  supports 
both  2D  bound  and  3D  radiation  fields.  The  asymmetric  structure  only  supports  3D  radiation 
fields  since  there  are  no  strictly  bound  modes,  but  “leaky”  modes  appear  that  are  very  similar  to 
the  bound  modes  in  the  symmetric  structure  except  that  the  radiated  power  ultimately  is 
transmitted  into  the  substrate  in  a  very  highly  directional  beam.  This  calculation  is  applicable  a 
wide  range  of  solid-state  photonic  devices  including  vertical-cavity  and  edge-emitting  lasers, 
spontaneous  light-emitting  diodes,  and  photodetectors. 

Some  results  for  parameters  appropriate  to  the  thin-film  LED  devices  are  shown  in  Fig.  1 .  The 
output  radiation  is  normalized  to  the  radiation  from  a  dipole  in  an  infinite  GaN  medium.  The 
periodic  steps  in  the  power  radiated  into  modes  (the  unwanted  bound  mode  radiation)  is  due  to 
the  appearance  of  additional  bound  modes  as  the  thickness  increases.  There  is  a  peak  in  the 
radiated  emission  just  before  the  appearance  of  each  mode.  As  shown  in  the  bottom  figure,  the 
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Horizontal  Dipole 


ABC 


Fig.  1:  First  principles  calculation  of  the  radiation 
emitted  from  a  dipole  in  a  thin-film  GaN  LED  as  a 
function  of  the  GaN  thickness.  The  bottom  figure 
shows  the  variation  in  the  radiation  pattern  as  the 
thickness  is  varied. 

30  dB.  The  characteristics  of  related  Fabry-Perot  IC 
those  of  the  distributed  feedback  device. 


radiation  pattern  changes  markedly  for 
small  changes  in  the  film  thickness,  with 
the  highest  output  powers  corresponding 
to  undesirable  emission  to  the  sides  and 
lowered  emission  in  the  forward 
direction  (angle  =  0). 

The  next  step  in  the  modeling  is 
to  add  the  effects  of  a  photonic  crystal, 
which  we  expect  to  include  using  a 
rigorous  coupled  wave  approach 
(RCWA)  perturbative  approach.  This  is 
in  contrast  to  many  other  calculations 
that  use  exact  numerical  techniques  such 
as  finite  element  and  FDTD  approachs, 
that  provide  accurate  calculations  but  are 
not  amenable  to  clear  physical 
interpretation. 

Mid-IR  DFB  lasers 

A  distributed-feedback,  type-11  interband 
cascade  laser  is  demonstrated  in  pulsed 
mode,  emitting  near  3. 145  mm  at 
temperatures  between  50  and  80  K. 
Feedback  is  provided  by  a  surface  etched 
grating  formed  using  interferometric 
lithography.  Between  50  and  80  K,  the 
device’s  single  longitudinal  mode  red- 
shifts  with  temperature  at  ~0: 1  nm=K. 

At  70K  and  190mA  of  pulsed  injection 
current,  side-mode  suppression  exceeds 
lasers  are  also  described  and  contrasted  with 


Photonic  Crystal  LEDs 

Electrical  operation  of  Ill-Nitride  light  emitting  diodes  (LEDs)  with  photonic  ciystal  structures  is 
demonstrated.  Employing  photoiuc  crystal  structures  in  IILNitride  LEDs  is  a  method  to  increase 
light  extraction  efficiency  and  directionality.  The  photonic  crystal  is  a  triangular  lattice  formed  by 
dry  etching  into  the  Ill-Nitride  LED.  A  range  of  lattice  constants  is  considered  (a  ~  270  -  340nm). 
The  Ill-Nitride  LED  layers  include  a  tunnel  junction  providing  good  lateral  current  spreading 
without  a  semi-absorbing  metal  current  spreader  as  is  typically  done  in  conventional  Ill-Nitride 
LEDs.  These  photonic  crystal  Ill-Nitride  LED  structures  are  unique  because  they  allow  for  carrier 
recombination  and  light  generation  proximal  to  the  photonic  crystal  (light  extraction  area)  yet 
displaced  from  the  absorbing  metal  contact.  The  photonic  crystal  Bragg  scatters  what  would  have 
otherwise  been  guided  modes  out  of  the  LED,  increasing  the  extraction  efficiency.  The  far-field 
light  radiation  patterns  are  heavily  modified  compared  to  the  typical  111-Nitride  LED’s 
Lambertian  output  The  photonic  crystal  affects  the  light  propagation  out  of  the  LED  surface,  and 
the  radiation  pattern  changes  with  lattice  size.  LEDs  with  photonic  crystals  are  compared  to 
similar  Ill-Nitride  LEDs  without  the  photonic  crystal  in  terms  of  extraction,  directionality,  and 
emission  spectra. 
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Generalized  Transverse  Bragg  Waveguides 

A  coupled-mode  analysis  of  2-D  generalized  transverse  Bragg  waveguides  (GTBW)  with  tilted 
distributed  Bragg  reflectors  is  developed.  As  a  result  of  the  absence  of  inversion  symmetry  about 
a  plane  perpendicular  to  the  guiding  stripe,  the  modes  supported  by  these  guides  are  not  separable 
into  the  familiar  form  of  transverse  standing  wave  and  longitudinal  traveling-wave  components. 
This  fundamental  change  in  the  modal  description  yields  new  and  potentially  useful  guided-mode 
behavior.  Expressions  for  the  spatial  distribution  of  the  optical  field,  phase  and  group  velocity, 
and  die  dispersion  relation  as  well  as  applications  of  GTBW  are  presented. 


Second  Harmonic  in  Poled  Waveguide  Structures 

Thermal  poling  of  silica-lead  glass-silica  waveguides  formed  by  laser  ablation  of  lead 
glass  and  e-beam  evaporation  is  reported.  A  large  nonlinearity  localized  within  the  Pb-glass  layer 
was  found  by  scanning  the  probe  laser  beam  across  an  angle-polished  sample,  and  a  peak  %c2)  as 
high  as  15  pm/V  was  achieved  in  the  Pb-glass  layer.  A  simple  theoretical  model  based  on  charge 
transport  in  the  different  materials  during  poling  is  proposed  and  the  complex  x{2)  profile  is 
explained.  The  high  third  order  nonlinearity  of  lead 
glass  plays  a  key  role  in  the  generation  of  the  large  SH 
signal. 

Stress  creation  during  Coalescence  in 
Heterogeneous  Materials  Growth 
Island  coalescence  during  Volmer-Weber  thin  film 
growth  is  generally  accepted  to  be  a  source  of  tensile 
stress.  However,  the  stochastic  nature  of  unpattemed 
film  nucleation  and  growth  prevents  meaningful 
comparison  of  stress  measurements  taken  during 
growth  to  that  predicted  by  theoretical  models.  We 
have  overcome  this  by  systematically  controlling  island 
geometry  using  selective  growth  of  Ni  films  on 
patterned  substrates  via  electrodeposition.  It  was 
determined  that  the  measured  power-law  dependence  of 
mean  stress  on  island  size  agreed  well  with  theory. 

However,  our  data  clearly  demonstrates  that  the 
majority  of  the  tensile  stress  associated  with 
coalescence  actually  occurred  after  the  initial  contact  of 
neighboring  islands  as  the  film  planarizes  with 
additional  deposition.  Sample  results  are  shown  in  Fig. 

2. 


Fig  2:  a)Schematic  of  an  idealized 
cylindrical  structure,  b)  ion  channeling 
focused  ion  beam  cross-section  image  of 
actual  structure  prior  to  coalescence,  and  c) 
image  of  the  actual  structure  after 
coalescence. 


Nanochannel  MOSFETs 

The  current  conduction  process  through  a  nanowire 
wrap-around-gate,  -50  run  channel  diameter,  silicon 
MOSFET  has  been  investigated  and  compared  with  a 

-2  mm  wide  slab,  -200  nm  thick  silicon  (SOI)  top-only-gate  planar  MOSFET  with  otherwise 
similar  doping  profiles,  gate  length  and  gate  oxide  thickness.  The  experimental  characteristics  of 
the  nanowire  and  planar  MOSFETs  were  compared  with  theoretical  simulation  results  based  on 
semi-empirical  carrier  mobility  models.  The  SOI  nanowire  MOS  devices  were  fabricated  through 
interferometric  lithography  in  combination  with  conventional  I-line  lithography.  A  significant 
increase  (~3_)  in  current  density  was  observed  in  the  nanowire  devices  compared  to  the  planar 
devices.  A  number  of  parameters  such  as  carrier  confinement,  effects  of  parallel  and  transverse 
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field-dependent  mobilities,  and  carrier  scattering  due  to  Coulomb  effects,  acoustic  phonons, 
impurity  doping  profile  and  surface  roughness  influences  the  transport  process  in  the  channel 
regions.  The  electron  mobility  in  the  nanochannel  increases  to  -1200  cm2/V  s  compared  to 
~400cm2/V  s  for  a  wide  slab  planar  device  of  similar  channel  length.  Experiments  also  show  that 
the  application  of  the  channel  potential  from  three  sides  m  the  nanowire  structure  dramatically 
improves  the  subthreshold  slope  characteristics. 

Optical  and  Interferometric  Lithography  -  Nanotechnology  Enablers 

Interferometric  lithography,  the  interference  of  a  small  number  of  coherent  optical  beams, 
is  a  powerful  technique  for  the  fabrication  of  a  wide  array  of  samples  of  mterest  for  nanoscience 
and  nanotechnology.  The  techniques  and  limits  of  interferometric  lithography  are  discussed  with 
particular  attention  to  the  smallest  scales  achievable.  With  immersion  techniques,  the  smallest 
pattern  size  for  a  single  exposure  is  a  half  pitch  of  1/4 n  were  1  is  the  optical  wavelength  and  n  is 
the  refractive  index  of  the  immersion  material.  Currently  with  a  193-nm  excimer  laser  source  and 
HhO  immersion,  this  limiting  dimension  is  -  34  nm.  With  nonlinear  spatial  frequency 
multiplication  techniques,  this  limit  is  extended  by  factors  of  1/2,  1/3,  etc.  -  extending  well  into 
the  nanoscale  regime.  Interferometric  lithography  provides  an  inexpensive,  large-area  capability 
as  a  result  of  its  parallelism.  Multiple  exposures,  multiple  beams,  and  mix-and-match  with  other 
lithographies  extend  the  range  of  applicability.  Imaging  interferometric  lithography  provides  an 
approach  to  arbitrary  structures  with  comparable  resolution.  Numerous  application  areas 
including:  nanoscale  epitaxial  growth  for  semiconductor  heterostructures;  nanofluidics  for 
biological  separations;  nanomagnetics  for  increased  storage  density;  nanophotonics  including 
distributed  feedback  and  distributed  Bragg  reflectors,  2D  and  3D  photonic  crystals,  metamaterials 
and  negative  refractive  index  materials  for  enhanced  optical  interactions  are  briefly  reviewed. 

Publications: 

S.  R.  J.  Brueck,  V.  A.  Smagley  and  P.  G.  Eliseev,  Radiation  from  a  Dipole  Embedded  in  a 
Multilayer  Dielectric  Slab,  Phys.  Rev.  E  68,  036608  (2003) 

J.  L.  Bradshaw,  J.  D.  Bruno,  J.  T.  Pham,  D.  E.  Wortman,  S.  Zhang  and  S.  R.  J  Brueck,  Single - 
Longitudinal-Mode  Emission  from  Interband  Cascade  DEB  Laser  with  a  Grating 
Fabricated  by  Interferometric  Lithography,  Proc.  lEE-Optoelectronics  150,  288-292 
(2003). 

Ying  Luo,  Abani  Biswas,  A.  Frauenglass  and  S.  R.  J.  Brueck,  Large  Second  Harmonic  Signal  in 
Thermally  Poled  Lead  Glass-Silica  Waveguides ,  Appl.  Phys.  Lett.  84,  4935-4937  (2004). 

A.  K.  Sharma,  S.  H.  Zaidi,  S.  Lucero,  S.  R.  J.  Brueck  and  N.  E.  Islam,  Mobility  and  Transverse 

Electric  Field  Effects  in  Channel  Conduction  of  Wrap-Around  Gate  Nanowire  MOSFETs, 
IEE  Proc.  Circuits,  Devices  and  Systems  151,  422-43 1  (2004). 

S  J.  Heame,  S.  C.  Seel,  J.  A.  Florio,  C.  W.  Dyck,  W.  Fan  and  S.  R.  J.  Brueck,  Quantitative 

Determination  of  Tensile  Stress  Creation  during  Island  Coalescence  itsmg  Selective-Area 
Growth,  Jour,  of  Appl.  Phys.  97,  083530  (2005). 

J.  J.  Wierer,  M.  R.  Krames,  J.  E.  Epler,  N.  F.  Gardner,  J.  R.  Wendt,  M.  M,  Sigalas,  S.  R.  J. 

Brueck,  D.  Li,  and  M.  Shagam,  111-Nitride  LEDs  with  Photonic  Crystal  Structures ,  Proc. 
SPIE5739,  102-107  (2005). 

S  R.  J.  Brueck,  Optical  and  Interferometric  Lithography  -  Nanotechnology  Enablers ,  Proc.  IEEE 
93,  1704-1721  (2005). 

B.  D.  Burckel  and  S.  R.  J.  Brueck,  Generalized  transverse  Bragg  waveguides,  Optics  Express  (to 
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1.4  Investigations  of  Surface  Plasmon  Nanophotonics  -  Surface  plasmon-polariton 
propagation  in  the  presence  of  gain 
Iv.  J.  Malloy  and  Jing  Chen 

The  propagation  length  of  surface  plasmon  polariton  (SPP)  is  limited  due  to  energy  dissipation 
in  non-idea]  metals.  The  presence  of  an  active  medium  near  the  metallic/dielectric  surface  to 
compensate  the  ohmic  losses  in  the  metal  is  a  possible  route  to  increasing  the  propagation  length. 
Ploz  et  al [1]  analyzed  enhanced  total  internal  reflection  (TIR)  from  an  amplifying  medium  with 
surface  plasmon  excitation.  Sudarkin  and  Demkovich  [2]  theoretically  studied  excitation  of 
surface  electromagnetic  waves  (SEWs)  on  the  boundary  of  a  metal  with  an  amplifying  medium. 
Nezhad  et  al.,  [3]  expanded  these  concepts  to  investigate  gain-assisted  propagation  of  SPPs  on 
planar  metallic  waveguides.  Here  we  present  a  numerical  investigation  using  rigorous  couplcd- 
wave  analysis  (RCWA)  for  SPPs  supported  by  metallic  gratings  in  the  presence  of  gain  medium. 

Diffraction  on  a  periodic  structure  provides  wavevector  conservation  and  coupling  to 
surface  polantons.  For  a  one-dimensional  (ID)  structure,  the  coupling  condition  for  normal 
incident  is  described  by  [4]: 


where  is  the  light  wavevector,  is  the  graiing  periodicity,  and  is  the  real  part 

of  complex  permittivity  of  adjacent  dielectric  medium  and  meial  respectively.  Numerical 
modeling  [5]  shows  that  SPPs  on  an  Au/GaAs  interface  at  wavelength  1 .3  urn  can  be  achieved  by 
the  structure  shown  in  Fig.  I  and  modeled  in  Fig.  2.  The  period  of  the  gold  grating  is  380  nm,  the 
gold  fill  factor  is  70%  and  the  grating  height  is  65  nm.  The  wavelength  dependence  of 
transmittance  (T)  and  reflectance  (R)  for  structure  in  Fig.  I  without  gain  medium  is  shown  in  Fig. 
2  for  different  dielectrics  filled  between  metal  stripes.  Figure  2  shows  the  importance  of  filling 
the  gap  between  Au  stripes  with  a  dielectric  as  no  SPP  coupling  occurs  for  an  air  gap  between  Au 
stripes  while  coupling  occurs  for  0=3.41  at  1 .3  urn. 

Figure  3  shows  the  effect  of  introduemg  gain  in  the  dielectric  region  below  the  grating. 
Reflectance  and  transmittance  of  the  complete  structure  are  shown  for  a  layer  with  a  real  index  of 
3.41  but  with  material  gain  varying  between  0  and  2xl04cm~1.  In  this  range,  transmission  is 
enhanced,  and  reflection  is  first  reduced  and  then  increased  agam  (this  has  a  straightforward 


Figure  1:  Schematic  diagram  of  the  metallic  grating  Mructurc. 


12 


origin  in  the  overlap  of  the  field  with  the  gain  region).  The  loss  in  the  metal  is  compensated  by 
energy  fed  from  the  gain  medium  and  re-radiated*  resulting  the  enhancement  of  reflectance  and 


transmittance. 

A  finite  thickness  gam  layer  in  proximity  to  the  metallic  grating  can  compensate  for  loss  in  the 
metal.  The  function  I  -R-T  indicates  the  net  gain  or  loss  in  structure.  The  gain  value  necessary  for 
for  different  gain  layer  thickness  versus  distance  between  gain  layer  and  grating  is 
plotted  in  Fig.  4.  This  gain  value  is  required  for  lossless  SPP  propagation  on  this  grating  structure. 
As  expected,  the  necessary  gain  increases  for  thinner  gam  layers  or  wider  separations. 

For  the  conditions  considered  here,  currently  available  semiconductor-based  gain  media  can 
provide  enough  gain  for  lossless  or  nearly  lossless  SPPs  propagation.  The  gain  could  be  a 
multiple  quantum  well  stack  (material  gain  of  2600  cm"1  for  a  double  quantum  well  [6])  or  layers 
of  self  assembled  quantum  dots  (material  gain  of  6.8x  1 04cm_1  reported  for  a  layer  of  self 


Figure  5  (a)  and  (b).  The  two-level  metallic  grating  studied  the  resulting  modeled 
assembled  quantum  dots  [7]). 

The  localization  of  visible  electromagnetic  fields  into  nanometer  volumes  was  also 
investigated  through  modeling.  Figure  5  show's  the  structure  studied  and  the  resultant  fields. 
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Figure  5  (c)  and  (d).  The  calculated  magnetic  (c)  and  electric  (d)  field  associated  with 
the  grating-coupled  plasmon  waveguide. 


Figure  5  (e).  The  calculated  Poynting  vector  for  the  fields  present  in  the  grating-coupled 
plasmon  waveguide. 

Numerical  modeling  for  the  grating-coupled  plasmon  waveguide  illuminated  with  TM 
electromagnetic  plane  wave  are  depicted  in  Fig.  5.  The  details  of  the  waveguide  design  are  as 
follows:  Pitch  ,  fill  factor  0.95,  metal  thickness  and  core  thickness 

.  (In  Fig.  5,  the  field  amplitudes  and  are  normalized  to  the  incident  field 
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magnitudes  and  the  log  of  the  Poynting  vector,  log  S,  is  shown  in  Fig.  5  (e).  The  gold  dielectric 
properties  parameters  taken  from  [8]  and  [9]  are  use  here. 

Resonance  occurs  at  wavelength  1 .25  urn.  Figure  5(e)  clearly  shows  the  collective  oscillation  on 
metal  surfaces.  Inside  the  core,  the  energy  propagates  parallel  to  the  planar  plane.  Radiation  is 
efficiently  coupled  into  this  structure  which  resonantly  absorbs  and  propagates  at  wavelengths 

more  than  50  times  its  thickness.  Field  enhancement  of  20  and  35  times  are  obtained  for 

and  s  respectively. 
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Research  Area  2  -  Novel  Optical  Systems  and  Materials 

2.1  Nanoheteroepitaxy  for  the  Combination  of  Lattice-Mismatched  Semiconductors 

-  S.D.  Hersee 

During  this  3-year  program  we  have  made  excellent  progress  in  the  development 
of  nanoheteroepitaxy  (NHE)  for  the  combination  of  lattice-mismatched  semiconductors. 
Four  new  defect  reduction  mechanisms  were  identified  as  being  active  in  the  typical  NHE 
sample  structure  and  dramatic  improvements  in  optical  and  electronic  properties  were 
observed  in  NHE  grown  materials.  In  collaboration  with  Prof  Steve  Brueck  and  Prof. 

Sang  Han  of  the  Chemical  &  Nuclear  Eng.  Dept  the  NHE  approach  has  been  successfully 
applied  to  GaN  on  various  substrates  and  to  the  Ge/Si  system.  Two  Ph.D  degrees  and  two 
MS  degrees  were  awarded  to  students  working  in  my  group.  Also,  14  papers  and 
presentations  (including  3  invited  talks)  were  given  and  4  patents  were  issued  during  this 
project. 

Nanoheteroepitaxy  (NHE) 

The  NHE  concept* 1  is 
shown  schematically  in  Fig.  1. 

Two  lattice-mismatched 
semiconductors  are  connected  by 
an  array  of  nanoscale  bridges. 

The  bridges  are  extremely 
compliant  and  are  able  to 
accommodate  the  mismatch 
strain,  allowing  the  two 
semiconductors  to  be  connected 
pseudomorphically  (i.e.,  without  defects). 

We  showed  in  the  previous  phase  of  this  program  that  the  NHE  approach  reduces 
the  integrated  strain  energy  at  the  mismatched  interface.  This  will  reduce  the  probability 
of  creating  mismatch  defects,  which  is  important  as  these  defects  can  thread  vertically 


♦ 


All  strain  is  within 
highly  compliant 
nanoscale  bndges 


n~4 

es  y 


♦ 


Figure  1:  The  NHE  concept 
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Figure  2:  Multiple  defect  reduction  mechanisms  are  active  during  NHE  growth. 

1  "Nanoheteroepitaxy:  The  Application  of  nanostructuring  and  substrate  compliance  to  the  heteroepitaxy  of 
mismatched  semiconductor  materials,"  D  Zubia  and  S.  D  Hersee,  J .  Appl.  Phys 85,  6492  (1999) 
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through  the  heterostructure  and  degrade  its  materials  and  device  properties. 

During  this  phase  of  the  program  we  have  applied  the  NHE  approach  to  several 
materials  systems  and  we  have  identified  four  additional  defect  reduction  mechanisms 
that  are  active  during  the  typical  NHE  process.  Referring  to  figure  2,  mechanism  1 
represents  the  main  NHE  strain  energy  reduction 
mechanism,  discussed  above.  Mechanism  2,  is  the 
blocking  of  threading  defects  by  the  silicon  nitride 
growth  mask.  Examples  of  mechanism  2  can  be 
seen  in  the  top  right  and  lower  left  micrographs  of 
Fig.  2.  Mechanism  3  is  the  bending  of  threading 
dislocations  (TDs)  towards  a  sidewall  surface. 

Given  the  generous  availability  of  such  surfaces  in 
the  NHE  approach  (Fig.  1)  TDs  are  generally  close 
enough  to  a  sidewall  that  they  will  bend  and 
terminate  at  a  sidewall  in  order  to  minimize  their 
length  and  therefore  their  free  energy. 

Mechanism  4  is  shown  more  clearly  in  Fig. 

3  (see  arrow)  and  is  the  reduction  of  the  TD 
density  within  the  open  window  region  in  the 


■ 


Figure  3:  Defect  reduction 
in  window  region 


♦  ,  ♦  t 


Figure  4:  Defect  clustering 
above  nitride  growth  mask 


silicon  nitride  growth  mask.  This  TD  reduction  is 
believed  to  be  a  result  of  lateral  strain  at  the 
growth  window  in  the  Si3N4/GaN  interface. 

We  have  recently  identified  a  further  defect 
reduction  mechanism  (paper  submitted  to  Appl. 

Phys.  Lett.)  that  results  from  the  clustering  of 
defects  in  the  NHE  sample  and  the  mutual 
annihilation  TDs  within  the  cluster.  Fig.  4  shows 
the  clustering  of  defects  (see  arrows)  that  occurs 
during  coalescence  in  the  NHE  growth  of  GaN  on 
GaN/SiC.  These  dense  clusters  contain  many 
screw  dislocations  and  perhaps  not  surprisingly  some  of  these  TDs  have  equal  and 
opposite  Burger’s  vectors,  allowing  them  to  mutually  annihilate  one  another.  This 
annihilation  has  a  dramatic  effect  on  the  TD  density  further  away  from  the  coalescence 
region  as  shown  in  Fig.  5. 

Fig.  5  compares  the  TD  density  as  revealed  by  photoelectrochemical  (PEC) 
etching  for  (left)  a  planar  GaN  on  GaN/SiC  sample  and  (right)  an  NHE  GaN  on  GaN/SiC 
sample,  where  the  TD  clustering  and  mutual  annihilation  mechanism  is  active.  The 
whisker  features  in  these  images  show  the  location  of  each  dislocation  and  the  TD  density 
in  the  NHE  sample  has  been  reduced  by  >  lOx  due  to  this  clustering/annihilation 
mechanism. 
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In  NHE  GaN  the  TD  density  has  been 
reduced  to  <  108  cm'* 2  and  in  the  case  of  NHE 
Ge/Si  the  TD  density2  has  been  reduced  to  <  10s 
cm'2.  The  optical  properties  of  GaN  are 
demonstrably  improved  in  the  NHE  samples.  For 
example,  Fig.  6  compares  the  77°K 
photoluminescence  (PL)  spectra  of  the  planar 
(lower)  and  NHE  (upper)  samples  that  were 
shown  in  figure  5.  At  77°K  the  PL  intensity  is 
15x  higher  in  the  NHE  sample  and  at  300°K  the 
PL  intensity  for  the  NHE  sample  is  50x  higher. 
The  improved  radiative  recombination  efficiency 
of  the  NHE  material  was  also  reported  earlier 
where  the  minority  carrier  lifetime  was  found  to 
be  12x  greater  in  the  NHE  sample3. 


(a) 


Photon  Energy  (eV) 


Figure  6:  Increased  77K  PL  intensity  in 
NHE  GaN  sample  compared  to  planar 
grown  GaN  sample 


New  MOCVD  Reactor 

Results  on  this  program  were  leveraged  to  win  an 
AFOSR  sponsored  DURIP  award  for  the  purchase  of  a 
new  MOCVD  reactor.  This  state-of-the-art  reactor  has 
been  installed  and  is  fully  functional.  It  features  a 
high-speed-rotating-disk  vertical  geometry  that  is 
specifically  designed  for  GaN  MOCVD  growth 
(Veeco  TurboDisk,  model  P75).  The  reactor  gas-panel 


Heteroepitaxy  of  high-quality  Ge  on  Si  by  nanoscale  seed  ps 
Qiming  Li,  Ying-Bing  Jiang,  Joshua  L.  Krauss,  Huifang  Xu,  Stev 
Sang  M.  Han,  Proceedings  of  “Quantum  Dots,  Nanoparticles  and  N- 

# 575J-14 ,  Jan  2005,  San  Jose,  CA. 

3  “Defect  Reduction  Mechanisms  in  the  Nanoheteroepitaxy  of  GaN 
Burckel,  A.  Frauenglass,  M  Fairchild,  S.R.J  Brueck,  G  A.  Garrett, 
Phys.,  95  (2004)  1450-1454 


ReaiTamp 
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Port 


Figure  7:  Schematic  showing  gas 
flow  inside  MOCVD  growth 
chamber .  Gas  mixing  occurs  at  the 
wafer  surface . 
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Blue  InGaN  MQW  LED  Blue  lnGaN  MQW  LED 


Figure  10: 1/V  and  L/I  characteristics  of  a  base-line  QTA  LED 

is  all  digital  allowing  unparalleled  accuracy  in  gas  switching  and  metering,  the  reactor 
also  allows  extensive  retroactive  data-mining.  A  schematic  of  the  growth  chamber 
geometry  is  shown  in  Fig.  7.  The  reactor  is  equipped  with  an  in-situ  RealTemp  2  monitor 
system.  This  monitor  combines  laser  reflectance  and  pyrometry  and  allows  the  growth 
rate  and  temperature  to  be  accurately  monitored.  Temperature  control  is  critical  for  the 
growth  of  GaN  and  related  materials,  especially  during  the  growth  of  InGaN/GaN  QW 
regions. 

LED  process 

In  parallel  with  the  above  work  we  have  developed  a  quick-turn-around  (QTA) 
LED  process  that  we  are  now  beginning  to  use  to  test  the  materials  improvements  of  the 
NHE  approach.  Major  steps  in  the  process  are  shown  schematically  in  Fig.  8  and  base¬ 
line  LED  results  are  summarized  in  Fig.  9  and  10.  This  LED  structure  (or  simpler 
variants  of  it)  will  be  used  extensively  during  the  next  phase  of  this  AFOSR  program  to 
test  the  effects  of  NF1E  defect  reduction  and  other  materials  improvements  in  real 
devices. 


Research  output  during  this  program  nhase 
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2.2  InNAs  -  a  New  Optoelectronic  Material 

PI:  MarekOsmski 

Main  accomplishments: 

•  Invention  of  “Semiconductor  nitride  structures ”  for  nitride-based  unipolar  optoelectronics 
devices,  including  quantum  cascade  laser  and  LEDs  (United  States  Patent  number  6,593,589, 
issued  on  15  July  2003)  (Marek  Osinski  and  Petr  G.  Eliseev) 

•  Studies  of  UV-emitting  diodes  with  quaternary  InAlGaN  barriers  (Marek  OsinsLi,  Jinhyun  Lee, 
Petr  G.  Eliseev,  Shiping  Guo,  Milan  Pophristic,  Dong-Seung  Lee,  Boris  Peres,  lan  T. 
Ferguson) 

In  collaboration  with  EMCORE  Corporation,  nitride-based  UV  heterostructures  with  InGaN 
quantum  wells  and  AlInGaN  barrier  layers  have  been  grown  by  MOCVD  on  sapphire 
substrates.  The  emission  band  was  at  3.307  eV  (375  nm)  at  room  temperature  (RT)  and  its 
FWHM  was  -82  meV.  In  addition  to  the  UV  band,  some  blue  emission  admixture  was  found  in 
a  single-quantum-well  (SQW)  structure,  which  we  attribute  to  recombination  of  injected 
electrons  that  are  not  captured  into  the  SQW  and  enter  the  p-side  of  the  structure.  We  have 
demonstrated  a  significant  advantage  in  utilizing  multiple-quantum-well  (MQW)  structures 
that  provide  more  effective  capture  of  injected  carriers  into  wells  and  predominance  of  UV 
emission.  We  have  observed  temperature-sensitive  competition  between  two  emission 
mechanisms  in  MQW  structures.  Below  —170  K,  the  blue  impurity-related  emission  dominated. 
In  the  170-190  K  range,  an  anomalous  temperature-induced  “blue  jump”  by  over -340  mcV  to 
UV  region  occurred,  with  UV  emission  dominating  above  190  K. 

•  High-temperature  characterization  of  UV-emitting  diodes  (Marek  Osinski,  Jinhyun  Lee,  Petr  G. 
Eliseev) 

We  have  characterized  optically  and  electrically  InGaN/AlInGaN-based  UV  LEDs  over  a  wide 
temperature  range  up  to  600  K  At  elevated  temperatures,  we  have  observed  evidence  of 
increasing  carrier  escape  from  the  quantum  wells.  The  temperature  dependence  of  the  optical 
power  at  a  given  injection  current  can  be  described  by  P  <*exp(-777o  ),  where  the  temperature 
constant  7q  is  characteristic  of  the  device  quality.  We  found  that  T0  is  1  10  and  120  K  at  30 
and  60  mA,  respectively.  The  decrease  of  the  radiation  quantum  yield  is  mainly  associated  with 
thermally-activated  escape  of  excess  carriers  from  the  quantum  wells.  Ultimately,  these  carriers 
are  lost  due  to  nonradiative  recombination,  which  probably  occurs  in  the  p-barrier.  The 
emission  from  that  side  has  been  observed  at  low  temperatures  as  a  blue  band,  associated  with 
recombination  of  electrons  through  the  Mg-related  centers.  The  blue  tail  decreases  with 
increasing  temperature,  indicating  enhanced  nonradiative  recombination  in  that  region. 

•  MOCVD  growth  of  InNxAS[.x  on  GaAs  using  dimethylhydrazine,  with  record-high  nitrogen 
content  (Marek  Osinski,  Abdel-Rahman  A.  El-Emawy,  Hongjun  Cao,  Noppadon  Nuntawong, 
Edward  Zhmayev,  Jinhyun  Lee) 

InNAs/GaAs  multiple-quantum-well  samples  were  grown  by  MOCVD  on  (100)  /T-G aAs 
substrates  at  500  °C  and  60  Torr  using  uncracked  dimethylhydrazine  (DMHy).  Quantum  well 
layers  were  grown  using  trimethylindium,  tertiarybutylarsine,  and  95-97.5%  of  DMHy  in  the 
vapor  phase,  while  GaAs  buffer,  barrier,  and  cap  layers  were  grown  using  trimethylgallium  and 
arsine.  The  crystalline  quality  and  solid  phase  composition  were  evaluated  using  high- 
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resolution  x-ray  diffraction  analysis.  Nitrogen  content  in  InNAs  wells  was  determined  to  be 
18%.  Surface  morphology  was  investigated  by  atomic  force  microscopy  (AFM)  and  field 
emission  microscopy  (FEM).  Photoluminescence  measurements  confirm  that  the  bandgap 
energy  of  InNAs  is  significantly  lower  than  that  of  InAs.  The  peak  emission  wavelength  of 
-6.5  pm  at  10  K  is  the  longest  reported  so  far  for  dilute  nitride  semiconductors. 

•  Analysis  of  GaAs/AlGaAs  oxide-confined  vertical-cavity  surface-emitting  lasers  using 
electrical-thermal-optical  simulation  (Marek  Osinski,  Vladimir  A.  Smagley,  Min  Lu,  Gennady 
A.  Smolyakov,  Petr.  G.  Eliseev) 

Our  three-dimensional  electrical-thermal-optical  numerical  solver  has  been  applied  to  model 
GaAs/AiGaAs-based  top-emitting  oxide-confined  vertical-cavity  surface-emitting  lasers 
(VCSELs)  with  GaAs  multiple-quantum-well  active  region.  CW  mode  of  operation  has  been 
simulated  over  a  range  of  voltages,  covering  sub-threshold  spontaneous  emission  and  lasing 
emission.  Effect  of  self-distnbution  of  electrical  current  has  been  demonstrated  for  the  first 
time  in  self-consistent  electrical-thermal-optical  simulation  of  VCSELs. 

•  Analysis  of  lateral  mode  confinement  in  VCSELs  with  ring  metal  apertures  using  the  effective 
frequency  method  (Gennady  A.  Smolyakov,  Marek  Osinski) 

The  role  of  metal  apertures  in  the  mechanism  of  lateral  mode  confinement  in  VCSELs  has  been 
clarified  by  means  of  a  detailed  effective-frequency-method  analysis  of  an  oxide-confined 
VCSEL  structure  with  the  oxide  window  larger  than  the  p-contact  metal  aperture.  We  have 
shown  that  a  ring  metal  contact  on  top  of  the  VCSEL  structure  can  change  the  conditions  for 
the  lateral  waveguiding  by  significantly  modifying  the  local  resonant  properties  of  the  VCSEL 
cavity.  Resonant  effects  have  been  demonstrated  in  the  longitudinal  coupled-cavity  system 
consisting  of  the  designed  laser  cavity,  determined  by  the  two  DBRs  and  the  spacer,  and  a  very 
short  cavity  formed  by  the  top  DBR  and  semiconductor-metal  interface.  The  conditions  for 
suppression  of  higher-order  lateral  modes  using  metal  apertures  have  been  established. 

•  Studies  of  operator  ordering  of  a  position-dependent  effective-mass  Hamiltonian  in  lattice- 
matched  semiconductor  superlattices  and  quantum  wells.  (Marek  Osi  ski,  Vladimir  A. 
Smagley,  Mohammad  Mojahedi) 

The  position-dependent  effective  mass  Hamiltonian  H  (7\/2)[m(z)]aS/[m(z)]^V[m(z)]a^y(z) 
with  2a  +  p  =  -1  is  applied  to  the  problem  of  periodic  heterostructure  with  abrupt  interfaces 
and  discontinuous  mass  distribution.  In  order  to  determine  the  most  suitable  operator  ordering, 
numerical  results  for  interband  and  intersubband  transition  energies  are  compared  with 
experimental  data  for  various  GaAs/AlxGai_xA$  superlattices  and  quantum  wells.  The  ordering- 
related  energy  shift  as  a  function  of  structural  parameters  (well  thickness,  barrier  thickness  and 
height)  is  investigated.  We  find  that  variation  of  kinetic  energy  operator  ordering  can  cause 
transition  energy  shift  exceeding  40  meV.  The  model  with  a  =  0  and  p  =  -I  consistently 
produces  the  best  fit  to  experimental  results. 

Bullet  list  of  main  accomplishments 

•  Invention  of  “Semiconductor  nitride  structures ”  for  nitride-based  unipolar  optoelectronics 
devices,  including  quantum  cascade  laser  and  LEDs  (United  States  Patent  number  6,593,589, 
issued  on  15  July  2003)  (Marek  Osinski,  Petr  G.  Eliseev) 
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•  Studies  of  UV-emitting  diodes  with  quaternary  InAlGaN  barriers  (Marek  Osinski,  Jinhyun  Lee, 
Petr  G.  Eliseev,  Shiping  Guo,  Milan  Pophristic,  Dong-Seung  Lee,  Boris  Peres,  lan  T. 
Ferguson) 

•  High-temperature  characterization  of  UV-emitting  diodes  (Marek  Osinski,  Jinhyun  Lee,  Petr  G. 
Eliseev) 

•  MOCVD  growth  of  InNxAsi_x  on  GaAs  using  dimethylhydrazine,  with  record-high  nitrogen 
content  (Marek  Osinski,  Abdel-Rahman  A.  El-Emawy,  Hongjun  Cao,  Noppadon  Nuntawong, 
Edward  Zhmayev,  Jinhyun  Lee) 

•  Analysis  of  GaAs/AlGaAs  oxide-confined  vertical-cavity  surface-emitting  lasers  using 
electrical-thermal-optical  simulation  (Marek  Osinski,  Vladimir  A.  Smagley,  Min  Lu,  Gennady 
A.  Smolyakov,  Petr.  G.  Eliseev) 

•  Analysis  of  lateral  mode  confinement  in  VCSELs  with  ring  metal  apertures  using  the  effective 
frequency  method  (Gennady  A.  Smolyakov,  Marek  Osinski) 

•  Studies  of  operator  ordering  of  a  position-dependent  effective-mass  Hamiltonian  in  lattice- 
matched  semiconductor  superlattices  and  quantum  wells  (Marek  Osi  ski,  Vladimir  A. 
Smagley,  Mohammad  Mojahedi) 

•  Calculation  of  energy  levels  in  cylindrical  quantum  dots  using  perturbation  theory  (Gennady  A. 
Smolyakov,  Marek  Osinski) 
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Thermal  poling  of  silica-lead  glass-silica  waveguides  formed  by  laser  ablation  of  lead  glass  and 
e-beam  evaporation  of  the  silica  cladding  is  reported.  A  large  nonlinearity  localized  within  the 
Pb-glass  layer  was  found  by  scanning  the  probe  laser  beam  across  an  angle- polished  sample,  and  a 
peak  second-order  nonlinear  susceptibility  ^(2)  as  high  as  15  pm/V  was  achieved  in  the  Pb-glass 
layer.  A  simple  theoretical  model  based  on  charge  transport  in  the  different  materials  during  poling 
is  proposed  to  explain  complex  x(2)  profile.  The  large  third-order  nonlinearity  of  lead  glass  plays  a 
key  role  in  the  generation  of  the  large  second -harmonic  signal.  ©  2004  American  Institute  of 
Physics.  [DOI:  10.1063/1.1760213] 


Second-order  nonlinear  materials  play  an  important  role 
in  many  nonlinear  optical  processes  including  integrated 
switching  and  routing  devices.  Thermally  poled  glasses,1  sili¬ 
cate  optical  fibers,  and  planar  waveguides  are  all  of  great 
interest.  A  large  number  of  investigations  have  been  reported 
on  the  physical  mechanism  and  potential  applications  of  the 
second -order  nonlinearities  of  glasses.  In  particular,  silica 
glass  thin  film  waveguides  have  attracted  much  attention.2-7 

Thermally  poled  bulk  lead  glasses  have  shown  much 
huger  nonlinearities8,9  than  fused  silica,  most  likely  associ¬ 
ated  with  the  large  third-order  susceptibilities  in  these 
glasses.  The  third-order  susceptibility  ,y(3)  of  lead  glass10,11 
is  2-9  X  10  21  m2/V2,  while  the  x^]  of  fused  silica12  is  an 
order  of  magnitude  lower  at  ~2X  10  22  m2/V2.  The  non- 
linearity  in  fused  silica  has  been  attributed  to  charge  separa¬ 
tion  and  the  creation  of  a  large  permanent  electric  field  that 
interacts  with  the  third-order  susceptibility  to  create  a  large 
second-order  effect,  as  Xdir~ 3£^3),  In  contrast  the  mecha¬ 
nisms  in  lead  glasses  are  much  less  well  understood.  The 
impetus  behind  this  series  of  experiments  was  to  combine  the 
understanding  of  charge  separation  in  silica  with  the  large 
third-order  susceptibilities  in  Pb  glass  to  achieve  higher  non- 
linearities  and,  at  the  same  time,  to  form  a  planar  waveguide 
structure  suitable  for  integrated  optical  applications. 

In  this  letter,  we  report  a  large  second -harmonic  genera¬ 
tion  (SHG)  obtained  in  PbO-silica  thin-film  waveguide  struc¬ 
tures.  The  depth  profile  of  the  induced  nonlinearity  is  probed 
by  monitoring  the  SHG  signal  as  a  pump  laser  beam  is 
scanned  across  angle  polished  samples.  A  simple  theoretical 
model,  based  on  charge  transport  in  the  different  materials 
during  poling,  is  proposed  and  the  complex  ^(2)  profile  is 
explained. 

Thin  films  (0.05  to  —0.2  /xm)  were  formed  by  laser  ab¬ 
lation  of  commercial  lead  glass  targets  onto  1-mm-thick 
fused  quartz  substrates  [GEI04  (equivalent  to  optosil)].  La¬ 
ser  ablation  was  carried  out  in  a  vacuum  chamber 
(10  4  Toit)  using  the  fourth-harmonic  output  of  a 


"’Electronic  mail;  brueck@,chtm. unm.edu 

0003-6951 /2004/84(24)/4935/3/$22. 00 
Downloaded  28  May  2004  to  64.106.37.66.  Redistribution 


Q-switched  Nd:YAG  laser  (266  nm).  The  samples  were 
heated  to  250  °C  during  the  deposition,  and  subsequently  an¬ 
nealed  at  600  °C  for  24  h.  Cladding  layers  of  Si02  (~-0.5 
yam)  were  deposited  by  dielectric  evaporation  to  complete 
the  structure. 

Thermal  poling  was  performed  in  an  enclosed, 
atmospheric-ambient  oven  by  sandwiching  samples  between 
aluminum  plate  electrodes.  Typical  poling  conditions  were  3 
kV  at  275  °C  for  15  min  and  cooling  over  about  30  min  with 
the  field  applied.  SHG  was  measured  with  a  0 -switched 
Nd:YAG  laser  (1060  nm),  a  typical  Maker  fringe  pattern  was 
obtained  from  the  poled  lead  glass  thin  film  waveguide 
samples.  The  SHG  increases  with  the  incident  angle  and 
reaches  maximum  at  around  60°.  However,  due  to  the  thin¬ 
ness  of  the  nonlinear  region,  this  Maker  fringe  analysis  is 
limited  by  refraction  to  relatively  shallow  angles  in  the 
higher  index  materials,  and  hence  to  low  spatial  resolution, 
so  it  was  not  possible  to  infer  the  nonlinear  coefficient  and 
the  thickness  of  the  nonlinear  region  from  these  measure¬ 
ments. 

Following  the  thermal  poling,  a  few  samples  were  ex¬ 
posed  to  UV  laser  radiation  at  244  nm  with  an  output  power 
density  of  300  mW/cm2  for  30  min  to  check  the  stability  of 
the  induced  nonlinearity.  SH  signal  strength  measured  before 
and  after  UV  irradiation  is  given  in  Table  I.  It  can  be  seen 
from  the  data  that  fused  quartz,  lead  glass  film,  and  Si02 
cladding  all  generated  signals  after  poling,  however,  as  ex¬ 
pected,  the  signals  are  not  simply  additive,  but  show  a  com¬ 
plex  structural  dependence.  UV  radiation  is  able  to  erase 
some  part  of  the  SH  signal  originating  from  the  Si02  clad¬ 
dings. 

In  order  to  further  investigate  the  origin  of  the  nonlin¬ 
earity,  SHG  depth  profiles  were  measured  by  angle  polishing 
the  samples  and  scanning  the  probe  laser  beam  across  the 
various  layers.  Samples  were  angle- polished  at  1°  at  one  end, 
and  the  Nd:YAG  pump  laser  beam  was  focused  to  a  spot 
with  —5.0  /am  diameter,  and  scanned  along  the  wedge  of  the 
samples  in  a  step  of  5,0  /am,  which  resulted  in  a  ~85  nm 
vertical  resolution  [85  nm=5  /umXtan(l°)].  As  shown  in 
Fig.  1(a),  the  SH  signal  increases  in  the  substrate  region. 
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TABLE  L  'Typical  SH  intensity  for  different  samples  before  and  alter  UV  irradiation. 


SHG  (a.u.)  before 

Substrate  with 

Substrate  with 

Lead  glass  thin 

or  after  UV 

Substrate 

only  lead  glass 

only  cladding 

fiLm  waveguide 

Before 

0.5 

1.8 

1.5 

2.0 

After 

0.5 

1.8 

0.5 

1.8 

reaches  a  maximum,  and  then  decreases  and  drops  almost  to 
zero  at  the  interface  between  the  substrate  and  lead  glass 
film.  The  signal  increases  very  sharply  throughout  the  lead 
glass  film  until  it  reaches  the  interface  between  the  lead  glass 
film  and  the  cladding.  It  finally  reaches  a  stable  value,  which 
is  a  little  lower  than  that  at  the  peak.  An  expanded  view  of 
the  SH  depth  profile  in  the  region  with  large  nonlinearity  is 
shown  in  Fig.  1(b).  As  a  result  of  the  finite  experimental 
resolution,  the  lead  glass  region  in  the  experimental  data  is  a 
little  bit  wider  than  that  in  the  simulation.  For  fused  quartz 
substrates  with  only  cladding  layers  [Fig.  1(c)],  the  SH  signal 


monotonically  increases  with  increasing  thickness  of  ihe 
angle-polished  samples,  unlil  it  reaches  a  peak  value  at  the 
cladding  layer.  Comparing  the  two  graphs,  it  is  clearly  seen 
that  the  lead  glass  thin  film  plays  a  very  critical  role  in  cre¬ 
ating  the  large  second-order  nonlinearity  in  die  waveguides. 
These  experiments  suggest  that  the  nonlinear  region  is  lo¬ 
cated  largely  in  the  Pb  glass  layer.  Since  the  thickness  of  this 
layer  is  ~0.2  ^m,  this  suggests  a  much  larger  nonlinear  co¬ 
efficient  than  that  in  the  silica,  where  the  thickness  of  the 
nonlinear  region  (the  depletion  width)  is  /xm.  The  sharp 
decrease  in  the  signal  at  the  substrate:Pb  film  interface  also 
suggests  that  the  nonlinearity  of  the  Pb  glass  might  have  an 
opposite  polarity  to  that  of  silica. 

To  explain  the  experiment  results,  a  simple  model  based 
on  the  space-charge  model  of  bulk  silica1-  is  proposed,  ac¬ 
cording  to  which,  during  tine  process  of  thermal  poling,  a 
negative  depletion  region  is  formed  near  the  anode  area 
while  a  positive  sheet  charge  accumulates  at  the  cathode  sur¬ 
face.  From  this  model,  the  poled  sample  can  be  divided  into 
five  regions  as  in  Fig.  2(a). 


0  dj-ds  dj  dj+d2  dj+d2+d3 


+HV 

(a) 


(b) 


(c) 


(d) 


Depth  (lim) 


FIG.  1.  SH  intensity  depth  profiles  for  (a)  a  lead  glass  thin  film  waveguide; 

(b)  expanded  view  of  lead  glass  film  region  of  (a);  (c)  a  fused  quartz  sub-  FIG.  2.  Theoretical  model  of  the  thermally  poled  Pb-glass  waveguide,  (a) 

strate  with  only  a  cladding  layer.  (Lines  with  triangles  are  experimental  data.  Charge  distribution;  (b)  electrical  field  distribution;  (c)  potential;  and  (d) 

and  solid  lines  are  modeling  results.)  x(2)  distribution. 
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TABLE  II.  Parameters  used  in  the  model. 


d\  (mm) 

d2  Qtm) 

(Mm) 

ds  ifi m) 

Na  (ppm) 

Nf  (ppm) 

Nc  (ppm) 

*pt> 

X%  (m2/V2) 

Xpi!  (nr/V2) 

I 

0.2 

0.4 

5 

2 

12 

30 

3.9 

6 

2X10"23 

87X  10  22 

Region  I  is  the  depleted  cladding  layer,  with  a  net  nega¬ 
tive  charge  due  to  bound  charges.  Since  the  cladding  layer  is 
only  0.5  fim  thick,  we  assume  that  the  mobile  cations  are 
depleted  throughout  the  cladding.  Region  II  is  the  lead-glass 
layer,  which  is  also  a  depletion  region.  The  mobile  positive 
ions  from  both  the  cladding  layer  and  lead  glass  layer  are 
assumed  to  accumulate  at  the  interface  between  the  lead- 
glass  layer  and  the  substrate.  This  is  because  lead  glass  is 
soft  compared  with  cladding  and  substrate,  so  it  is  relatively 
easy  for  the  positive  charges  to  penetrate  the  lead  glass  at  the 
elevated  poling  temperature;  while  the  denser  substrate  re¬ 
mains  relatively  impermeable.  This  assumption  leads  to  the 
dip  in  the  signal  and  the  sign  reversal  for  the  nonlinearity. 
Region  III  is  the  depletion  region  of  the  substrate.  Region  IV, 
consisting  of  most  of  the  substrate,  is  the  neutr  al  central  re¬ 
gion,  and  region  V,  close  to  the  cathode,  is  the  sheet  charge 
of  the  accumulated  cations  from  the  substrate.  As  depicted  in 
Fig.  2(a),  the  thickness  of  substrate,  lead-glass  layer,  and 
cladding  layer  are  taken  as  dx ,  d2>  d^y  respectively,  and  the 
depletion  region  of  substrate  is  taken  as  ds . 

From  Poisson’s  equation  we  calculated  the  electrical 
field  and  potential  in  each  region  given  this  postulated  charge 
distribution.  Figure  2(b)  shows  the  internal  electrical  field 
associated  with  the  different  regions  of  the  sample.  We  find 
that  when  the  impurity  concentrations  in  the  cladding  and 
lead-glass  layers  are  sufficiently  large,  a  negative  E-field  ex¬ 
ists  in  region  II  as  a  result  of  both  the  dielectric  discontinuity 
and  the  presence  of  the  positive  charge  sheet  at  this  interface. 
This  further  results  in  a  negative  x(Jr  *n  regi°n  IF  generated 
by  a  A'en>~^^V3)  process,  where  E  is  the  internal  electrical 
field  generated  by  the  creation  of  the  depletion  regions,  ^(3) 
is  the  third-order  nonlinearity  of  the  material.  Assume  that 
is  uniform  throughout  the  material  and  unchanged  by 
the  poling  process,  then  the  resulting  SHG  signal  is  given  by 


dElu) 

dx 


-7T  ^/2\x)Ei(X)e'^. 


(0 


Assuming  that  the  depletion  of  the  fundamental  wave  at 
co  is  negligible  and  that  all  of  the  lengths  are  short  compared 
to  a  coherence  length,  the  SHG  power  is  proportional  to  the 
square  of  the  integral  of  x{2)  along  the  optical  path, 

r  2 


l2a>(x)  =  E2a>(x)-E$a(x)<x 


Xm(x)dx 


(2) 


Integrating  x<2)  across  the  appropriate  subsections  of  the 
sample,  we  get  the  depth  profile  of  tine  SHG  intensity  shown 
in  Fig.  1(a).  We  find  that  we  can  fit  the  simulation  result 
(solid  line)  to  the  experimental  data  (line  with  triangles)  for  a 
reasonable  set  of  parameters  as  listed  in  Table  II,  where  Ns , 
NJy  and  Nc  are  the  impurity  charge  number  density  of  the 
substrate,  Pb-glass  film  and  cladding,  e  is  the  dielectric  con¬ 
stant.  Figures  2(c)  and  2(d)  are  the  potential  difference  and 
X(l)  distribution  of  the  sample,  respectively.  A  maximum 
as  high  as  ~15  pm/V  [Fig.  2(d)],  opposite  in  sign  to 


silica,  was  achieved  in  Pb-glass  film.  Using  an  equivalent 
model  with  the  same  parameters,  the  SHG  depth  profile  of 
the  sample  with  only  a  silica  cladding  was  also  simulated, 
the  result  was  consistent  with  our  experimental  data  [Fin. 
1(c)]. 

SHG  is  a  useful  probe  of  the  nonlinearity.  For  switching 
applications,  the  waveguide  electro-optic  nonlinearity  is  the 
interesting  quantity.  We  can  evaluate  this  nonlinearity  after 
calculating  the  mode  distribution  in  the  symmetric  slab 
waveguide  composed  of  the  high-index  Pb  glass  film  ( rij 
=  1.65)  and  the  silica  substrate  and  cladding  (ns  =  1.45).  Al¬ 
though  the  mode  is  not  veiy  well  confined  due  to  the  thin 
guiding  layer,  we  estimate  an  electro-optic  nonlinearity  of 
~4  pm/V. 

To  achieve  a  higher  electro-optic  nonlinearity,  we  need 
better  confinement,  which  can  be  achieved  by  increasing  the 
thicknesses  of  both  the  guiding  film  and  the  cladding  layer. 
We  can  also  decrease  the  impurity  concentration  of  the  clad¬ 
ding  layer,  to  achieve  a  positive  E  field  in  the  lead-glass  film 
region,  and  take  better  advantage  of  its  large 

In  summary,  a  large  thermal -poling-induced  second- 
order  nonlinearity  has  been  observed  in  Pb-glass  waveguides 
with  a  maximum  ;^(2)~T5  pm/V,  opposite  in  sign  to  silica. 
The  nonlinear  region  was  probed  by  scanning  across  angle 
polished  samples.  A  simple  model  based  on  space  charge  is 
proposed,  and  the  complex  x{2)  profile  resulting  from  charge 
transport  during  poling  in  the  different  materials  was  ex¬ 
plained.  The  average  elecLro-optic  nonlinearity  yco  for  a 
waveguide  mode  is  about  a  factor  of  4  larger  than  for  silica 
based  waveguides. 

Support  for  this  work  was  provided  by  the  Air  Force 
Office  of  Scientific  Research. 
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Generalized  Transverse  Bragg  Waveguides 
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Abstract 

A  coupled-mode  analysis  of'2-D  generalized  transverse  Bragg  waveguides  (GTBW)  with 
tilted  distributed  Bragg  reflectors  is  presented.  As  a  result  of  the  absence  of  inversion 
symmetry  about  a  plane  perpendicular  to  the  guiding  stripe,  the  modes  supported  by  these 
guides  are  not  separable  into  the  familiar  form  of  transverse  standing  wave  and  longitudi¬ 
nal  traveling-wave  components.  This  fundamental  change  in  the  modal  description  yields 
new  and  potentially  useful  guided-mode  behavior.  Expressions  for  the  spatial  distribution 
of  the  optical  field,  phase  and  group  velocity,  and  the  dispersion  relation  as  well  as  appli¬ 
cations  of  GTBW  are  presented. 


Familiar  waveguides,  including  metallic,  dielectric  slab/fiber,  transverse  Bragg  waveguides1" 
and  photonic  crystal  (holey)  fibers3  are  based  on  reflection  with  momentum  transfer  perpendicu¬ 
lar  to  the  guide  direction  at  the  transverse  guide  edges.  In  these  cases,  the  guided  mode  can  be 

functionally  described  as  f{rL  )e^z  where /is  a  function  only  of  the  transverse  spatial  coordi¬ 
nates,  f  ,  while  &n  is  the  wavenumber  along  z.  In  2D  and  3D  photonic  crystal  waveguides,4,5  the 

functional  form  becomes  f(r)etk^  where/ is  now  a  periodic  function  of  all  coordinates  in  accor¬ 
dance  with  Bloch’s  theorem,  but  the  propagating  plane  wave  remains  a  function  of  only  the  lon¬ 
gitudinal  coordinate. 

This  universality  of  description  has  led  to  the  general  belief  that  such  a  separable  functional  de¬ 
scription  is  always  appropriate  for  describing  guided  modes.6  The  purpose  of  this  report  is  to 
point  out  that,  despite  its  dominance  in  our  experience  and  thinking  for  almost  a  century,  this  is 
only  a  special  case  of  guiding  and  that  more  general  guided  modes,  which  cannot  be  described 
by  the  simple,  separated  functional  form  given  above,  are  possible  and  show  interesting  proper¬ 
ties  that  may  be  of  technological  as  well  as  fundamental  interest.  One  characteristic  common  to 
all  of  the  above  examples  is  reflection  symmetry  about  sets  of  planes  perpendicular  to  the  guide. 
If  this  symmetry  is  broken,  the  separable  functional  dependence  no  longer  holds,  but  there  can 
still  be  guiding  and  energy  transport  along  the  guide.  An  important  consequence  of  breaking  this 
symmetry  is  that  the  mode  is  no  longer  symmetric  to  reflection  in  such  a  plane,  thus  reflection 
from  any  planar  surface  perpendicular  to  the  guide,  such  as  an  exit  facet,  will  not  be  guided. 

The  simplest  example  of  such  a  structure  is  the  tilted  2D  Bragg  waveguide  shown  in  Fig.  1  where 
the  planes  of  the  Bragg  structure  are  at  an  angle  a  to  the  guide  direction.  The  Bragg  reflectors 
extend  for  a  distance  L ,  not  shown,  both  above  and  below  the  core.  The  variation  of  the  dielectric 
constant  along  a  line  perpendicular  to  the  grating  (along  /  as  shown  in  Fig.  1)  is  taken  as 
£-£sin(c/A).  In  the  core  region,  the  field  is  composed  of  two  unperturbed  plane  waves  propa¬ 
gating  with  wavevectors  k+  and  k_  .  In  the  top  Bragg  reflector,  these  two  waves  are  coupled  such 

that  the  /c+wave  is  reflected  into  the  Ay  wave.  At  the  bottom  boundary  these  roles  are  reversed. 
As  long  as  the  magnitude  of  the  product  of  the  reflectivities  is  unity  and  the  total  round  trip  phase 
accumulation  is  an  integer  multiple  of  2tt,  a  well-defined  mode  is  obtained. 
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The  momentum  transfer  on  reflection  from  the  tilted  Bragg  structure  is  not  perpendicular  to  the 
guiding  direction  with  the  result  that  the  standing  wave  associated  with  the  reflection  is  also  ori¬ 
ented  at  an  angle  to  the  guide  and  the  simple,  separable  description  is  not  valid.  The  requirements 
for  a  mode  are  that  the  power  in  the  guide  direction  be  invariant  with  x  (assuming  lossless  mate¬ 
rials)  and  that  it  be  localized  in  the  vicinity  of  the  core  (the  region  of  width  W  between  the  Bragg 
reflectors  in  Fig.  1). 


Assuming  that  the  dielectric  modulation  is  not  too  large,  this  situation  is  conveniently  modeled 

7  Q 

with  a  simple  coupled-mode  theory.  "  For  TE  polarized  waves,  the  electric  fields  are: 


E{ 
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E(x,z)  =  R,{(1  *  x 
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with  kn  -  InntX.  Coupling  between  the  plane  waves  in  the  cladding  is  described  by  the  spatially 
varying  amplitude  coefficients  Afib(z,  0±)  and  Btth(z,  9±).  Reflection  at  the  core  boundaries  is  de¬ 
scribed  by  the  angle-dependent  reflection  coefficient  R,tb(0±),  expressed  as  the  ratio  of  incident 
and  reflected  plane  wave  coefficients  evaluated  at  the  core  boundary.  Expressions  for  A,(z,/9±\ 
Bt(z,  #t),  and  Rf(9±)  are: 


J-  /A/?sinh[//(z  -  W 12  -  Z,)]] 
l+2Hcosh[»(Z-H-/2-l)]J 
~  ’  [j'A/?sinh(//Z,)+  2//cosh(//l)] 

4(0)  =  1 


B,{z-WI2)  = 
K,=B,{ 0)  = 


2/r*  -sinh[//(z-J»72-Z.)]  ^z-wn) 

cos(0_)  [/A/?  sinh(f/Z)+  2H  cosh (HL)] 6 
2k*  sinh  (HL) 

cos{e_)[iAfismh{HL)+2Hcosh(HL)] 
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with  analogous  expressions  for  Ab,  Bb  and  Rb.  Here 

A p  =  -[kn  (cos  9+  +  cos  6  )- K  cos  a]  ,  fc  =  knS 

H2 

cos  1 9+  cos  0_  V.  2  J 


(3) 


A (3  is  the  wavevector  detuning  from  the  Bragg  resonance,  k  is  the  coupling  strength,  and  H  is  the 
inverse  coupling  length.  Note  that  with  the  particular  geometry  we  have  adopted,  at  is  a  real  posi¬ 
tive  quantity  and  the  reflection  phase  is  zero  for  A/?=  0. 


The  self-consistency  condition  can  be  found  by  equating  the  field  expressions  in  Eq.  (1)  at  z  =  - 
W/2,  yielding/ 

1  -  R,  (0+  )Rb  {e_ ) e‘K{co%e' +cos"  )H'  =  0  (4) 

For  a  given  set  of  waveguide  physical  parameters,  n ,  W9  a ;  and  A,  the  roots  of  Equation  (4)  yield 
the  allowed  bounce  angles,  0+  and  0.  for  self-consistent  modes  inside  the  waveguide  core. 

From  Fig.  1  and  the  usual  Bragg  analysis, 

0+  —  0 g  +  oc  +  30  =  ex' +  0  g ,  0  —  cc  —  0  g  •+  30  —  ct'-0B 

0B  =  cos'  ~l(A/2n\)  =  cos  '{tc c/conK) 

and  the  self-consistency  expression  reduces  to: 

1  -  R, {6B  +  a')Rh (0B  - a')e~mia']  =  0  (6) 

The  phase  shift  due  to  the  round  trip  propagation  across  the  guiding  region,  2nWcos(a)/  A  is  in¬ 
dependent  of  wavelength.  Thus,  for  any  wavelength  above  the  cutoff  frequency,  the  relative  posi¬ 
tion  of  the  resonance  within  the  bandpass  is  fixed,  e.g.  a'=a  +  S0  is  independent  of  X.  It  is 
straightforward  to  evaluate  the  phase  and  group  velocities. 


_  CO  _  c 

phase  k  «sin(^)cos(^?)  ’ 
_  dco  _  c  sin(#5) 

“  ¥"  =  ^cos(a’)' 


(7) 


At  cutoff,  corresponding  to  counter  propagating  waves  at  the  grating  normal,  hcntojI  ~  2nA  vp  — > 

oc  and  vg  — >  0;  at  the  other  extreme,  as  the  wavelength  is  decreased,  0b  -»  nl2-a  [and  sin(^) 
cos(<2x)]  the  group  velocity  reaches  c!n ,  the  velocity  of  light  in  the  unbounded  core  medium.  At 
wavelengths  below  this  limit,  one  of  the  constituent  plane  waves  is  no  longer  confined  to  the 
guiding  region  and  the  mode  is  no  longer  bound.  Thus,  there  is  a  short-/l  cutoff  for  a  ^  0  as  well 
as  the  long-T  cutoff  associated  with  the  Bragg  condition. 

Additional  insight  into  the  self-consistency  relationship  is  provided  by  some  simple  numerical 
evaluations.  We  take  A  =  1300  nm,  s=  (1.7)2  =  2.89  (appropriate  to  a  high-index  polymer),  A  = 
450  nm,  3~  0.005,  W  —  2000  nm  and  L  =  250  pm  and  the  grating  tilt,  a  -  45°  -  all  readily  acces¬ 
sible  parameters.  The  top  panel  of  Figure  2(a)  shows  the  magnitude  of  the  reflectivity  from  the 
top  Bragg  reflector  for  these  parameters  with  a  stop  band  centered  at  &  -  77°.  The  maximum 
field  reflectivity  is  about  —0.5  and  varies  across  the  stop  band.  The  reflectivity  at  the  second  in¬ 
terface  has  just  the  inverse  magnitude  (e.g.  -2.0)  and  the  product,  Fig.  2(b),  the  round  trip  reflec¬ 
tivity,  is  of  magnitude  unity  for  incident  angles  spanning  an  angular  bandwidth  of  ±A  about  the 
geometrical  Bragg  angle.  Figure  2(c)  shows  the  corresponding  2n  phase  variation  across  the  stop 
band.  Finally,  Fig.  2(d)  shows  the  magnitude  of  the  self-consistency  expression  of  Eq.  6  across 
this  angular  range.  There  is  a  clearly  defined  root,  and  thus  a  mode  with  bounce  angles 
0+=0B+cfrS0=  76. 16°  and  0  =  13.34°. 

Referring  to  the  k- space  diagram  in  Fig.  3f,  the  phase  in  the  propagation  direction  progresses  in 
the  forward  direction  as  the  0+  wave  propagates  from  the  bottom  to  the  top  interface,  and  then 


regresses  in  the  opposite  direction  as  the  0 '  wave  propagates  from  top  to  bottom.  The  resulting 
intensity  pattern.  Fig.  3,  shows  standing  waves  at  an  angle  of  45°,  corresponding  to  the  tilt  of  the 
grating.  The  extent  of  the  core  region,  without  the  Bragg  gratings,  is  indicated  by  the  horizontal 
dotted  lines.  For  this  modest  coupling  constant  the  mode  extends  well  into  the  cladding  regions; 
tighter  confinement  is  available  with  higher  8 ’  The  two  inner  line  plots  are  the  variation  of  the 
intensity,  |£]2,  along  x  [Fig.  3b)]  and  along  z  [Fig.  3c)].  The  outer  line  plots  [Fig  3d)  and  3e)]  are 
the  components  of  the  Poynting  vector  in  the  respective  directions.  These  figures  confirm  the 
central  result.  There  is  a  mode  confined  to  the  core-guiding  region  that  propagates  along  the  z- 
direction  without  loss  of  power  and  with  a  wavelength-scale  variation  of  the  intensity  along  both 
the  longitudinal  and  transverse  directions. 


Evaluation  of  the  self-consistency  equation  as  a  function  of  wavelength  yields  the  dispersion  re¬ 
lation.  The  result  of  this  process  for  a  geometry  for  A  =  400  nm  and  W  =  850  nm,  is  shown  in 
Fig.  4  in  nonnalized  frequency  versus  normalized  longiaidinal  momentum  with  a:  as  a  parameter. 
The  a  =  0  curve  looks  very  much  like  a  metal  waveguide  dispersion  relation.  In  the  absence  of 
material  dispersion,  there  is  no  upper  frequency  cutoff  for  the  mode  in  a  Bragg  waveguide  with  a 
=  0.  As  a  varies,  the  position  of  the  mode  within  the  Bragg  stop  band  varies  in  accordance  with 
the  self-consistency  condition,  such  that  the  low  frequency  cut-off  occurs  at  \ulolf  ~  2nA  .  For 

all  waveguides  with  a>  0,  there  is  also  a  high  frequency  cutoff.  In  the  limiting  case  90°  tilt,  the 
upper  and  lower  cutoff  frequencies  are  degenerate  and  the  structure  exhibits  a  cavity  resonance 
rather  than  a  waveguide  mode. 


For  realistic  applications,  an  operational  definition  of  acceptable  loss  must  be  defined.  This  ac¬ 
ceptable  loss  impacts  both  the  minimum  reflectivity  magnitude  (controlled  by  the  cladding 
thickness  and  index  contrast),  and  the  angular  bandwidth  of  the  central  high  reflectance  lobe 
(controlled  by  index  contrast),  and  subsequently  the  range  of  possible  values  for  the  phase  of  re¬ 
flectivity.  In  general,  for  cladding  regions  of  length  such  that  HL»\ ,  the  round  tr  ip  reflectivity 


is  ^  1  -4e  \KlLNcos0>co*0  ~  ?  and  the  angular  width  of  the 
A  -  2  tar\(a)^j\  +  /c  Acos(a)/  ^sin2(«)cos(6?+)cos(^)  -1 


high-reflectivity  pass  band  is  given  by 
with  a  nearly  2 k  swing  in  the  al¬ 


lowed  values  of  (j\ .  This  fact  has  two  consequences.  First,  waveguides  with  sufficiently  thick 
grating  regions  exhibit  a  continuum  of  allowable  waveguide  widths,  just  as  a  traditional  dielec¬ 
tric  waveguide.  Second,  similar  to  symmetric  dielectric  slab  waveguides,  generalized  transverse 
Bragg  waveguides  of  vanishing  width  W  support  guided  modes. 

In  contrast,  several  recent  publications10 11  have  suggested  that  Bragg  guides  have  low  loss 
modes  only  for  specific  W  =  A/2,  3A/2,  5 A/2,...  The  difference  can  be  traced  to  the  assump¬ 
tion10,11  that  A/3=  0  so  that  the  phase  shift  of  the  Bragg  reflections  is  fixed  at  the  center  of  the 
pass  band  and  the  only  phase  shift  is  given  by  the  propagation  term.  Since  the  reflection  phase 
shift  can  vary  over  a  wide  range  for  HL  »  1,  it  is  always  possible  to  find  the  necessary  phase 
shift  for  the  existence  of  a  mode,  independent  of  W.  In  contrast  to  the  assertions  that  there  are 
only  specific  widths,  W  that  support  modes,  we  find  that  there  are  some  specific  widths  that  do 
not  support  modes,  but  that  these  widths  become  vanishingly  narrow  as  the  length  of  the  Bragg 
regions  is  increased.  Tins  is  fully  consistent  with  previous  results  that  showed  that  bound  modes 
exist  in  VCSEL  structures  for  any  active  region  width.12 


These  waveguides  lack  reflection  symmetry  about  a  plane  perpendicular  to  the  guide.  After  a  re¬ 
flection  operation  about  the  normal  to  the  guide  direction,  the  propagation  angles  become  &v  =  - 


0+  and  ff.  -  -  6 L  These  do  not  correspond  to  a  bound  mode  in  the  guide  and  the  energy  is  lost  into 
the  cladding.  The  very  important  conclusion  is  that  these  modes  are  effectively  unidirectional 
under  inversion  symmetry  operations.  Two  potential  applications  are  immediately  suggested,  op¬ 
tical  amplifiers  and  high  power  fiber  lasers.  In  both  cases,  back-scattered  light  limits  the  avail¬ 
able  performance  either  through  increased  ASE  (semiconductor  amplifiers)  or  SBS  (fiber  lasers). 
Even  though  back-reflected  light  from  an  external  optical  surface  may  be  coupled  back  into  the 
guide,  the  coupling  is  to  the  opposite  polarity  mode  and  is  lost  at  the  back  surface  of  the  guide. 

As  is  the  case  for  all  Bragg  guides,  these  guides  lend  themselves  to  single  mode  behavior  for 
wide  (large  W)  guides.13  This  is  a  result  of  the  limited  angular  bandwidth  of  the  Bragg  reflector. 
A  second  mode  is  not  allowed  until  both  modes  can  be  accommodated  within  the  Bragg  reso¬ 
nance,  a  substantially  more  demanding  requirement  than  for  index  guides,  where  any  angle  lar¬ 
ger  than  the  critical  angle  is  allowed.  This  permits  larger  area  single-mode  waveguides  that  are 
desirable  for  high  power  applications  to  ameliorate  heating  and  laser  damage  limitations. 

In  conclusion,  we  have  presented  an  analysis  of  tilted  Bragg  reflector  waveguides  that  do  not  ex¬ 
hibit  inversion  symmetry  about  a  plane  perpendicular  to  the  core.  For  what  we  believe  is  the  first 
time,  we  demonstrate  the  possibility  of  low  loss  modes  with  non-separable  traveling  and  standing 
wave  components.  These  modes  were  analyzed  using  a  simple  coupled-mode  theory.  These 
guides  have  potential  application  to  situations  where  reflected  waves  are  problematic  -  for  ex¬ 
ample  optical  amplifiers  where  it  is  necessary  to  avoid  spurious  reflections  and  lasing.  Finally, 
these  modes  are  intimately  connected  to  the  modes  of  photonic  crystal  waveguides,  and  their  fur¬ 
ther  experimental  and  theoretical  investigation  will  provide  insight  into  this  important  new  class 
of  waveguides. 
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Figure  Captions: 

Fig.  1 :  a)  Geometry  of  the  tilted  Bragg  grating  waveguide  defining  0 , 6.  and  9b*  The  core  of 
width  W  is  between  two  Bragg  grating  regions  tilted  by  an  angle  a  from  the  guiding  direction,  b) 
The  wavevector  diagram  and  c)  the  sinusoidal  variation  of  the  index  along  the  direction  C 

Fig.  2:  a)  Angular  variation  of  the  reflectivity  around  the  Bragg  peak  for  A  =  450  nm,  X  -  1 .3 
pm,  a  =  45°,  8 =  0.005  and  L  =  250  pm.  The  peak  reflectivity  is  a  function  of  angle  and  the 
maximum  is  -50%;  b)  and  c)  Absolute  value  and  phase  of  the  round  trip  reflectivity.  The  maxi¬ 
mum  amplitude  is  unity  and  the  phase  shift  varies  from  0  to  2n  across  the  bandpass;  d)  Absolute 
value  of  the  self-consistency  expression  showing  the  presence  of  a  low  loss  mode. 


Fig.  3:  a)  Mode  intensity,  |£|2,  as  a  function  of  position;  b)  Variation  of  |£|2  along  x;  c)  Variation 
of  |£|2  along  z;  d)  x-component  of  the  Poynting  vector;  e)  z-component  of  the  Poynting  vector;  f) 
wavevector  diagram. 


Fig.  4:  Modal  dispersion  relation  (bottom)  and  expanded  view  (top).  For  a=  0,  the  mode  is  pre¬ 
sent  at  all  frequencies  above  the  cutoff  (assuming  no  material  dispersion).  For  a  #  0  there  is  an 
upper  cutoff  as  well,  corresponding  to0,  =/r/2  ~a . 


Figure  3: 
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NANOELECTRONICS 


Mobility  and  transverse  electric  field  effects  in 
channel  conduction  of  wrap-around-gate  nanowire 


MOSFETs 


A.K.  Sharma,  S.H.  Zaidi,  S.  Lucero,  S.R.J.  Brueck  and  N.E.  Islam 

Abstract:  The  current  conduction  process  through  a  nanowire  wrap-around -gate,  —  50  nm  channel 
diameter,  silicon  MOSFET  has  been  investigated  and  compared  with  a  ^2  pm  wide  slab, 
~200  nm  thick  silicon  (SOI)  top-only-gate  planar  MOSFET  with  otherwise  similar  doping  profiles, 
gate  length  and  gate  oxide  thickness.  The  experimental  characteristics  of  the  nanowire  and  planar 
MOSFETs  were  compared  with  theoretical  simulation  results  based  on  scmi-cmpirical  carrier 
mobility  models.  The  SOI  nanowire  MOS  devices  were  fabricated  through  interferometric 
lithography  in  combination  with  conventional  Mine  lithography.  A  significant  increase  (~3  x  )  in 
current  density  was  observed  in  the  nanowire  devices  compared  to  the  planar  devices.  A  number  of 
parameters  such  as  carrier  confinement,  effects  of  parallel  and  transverse  field-dependent  mobilities, 
and  carrier  scattering  due  to  Coulomb  effects,  acoustic  phonons,  impurity  doping  profile  and 
surface  roughness  influences  the  transport  process  in  the  channel  regions.  The  electron  mobility  in 
the  nanochannel  increases  to  ~  1200  c m2/Vs  compared  to  ~400cm2/Vs  for  a  wide  slab  planar 
device  of  similar  channel  length.  Experiments  also  show  that  the  application  of  the  channel 
potential  from  three  sides  in  the  nanowire  structure  dramatically  improves  the  subthrcshold  slope 
characteristics. 


1  Introduction 

Scaling  of  semiconductor  devices  to  the  nanoscale  regime 
can  lead  to  device  and  performance  parameter  improve¬ 
ments  including  reduction  in  operating  voltage,  increased 
speed  and  greater  packaging  densities.  As  silicon  is  the 
material  of  choice  for  a  large  percentage  of  semiconductor 
devices,  the  fabrication,  analysis  and  testing  of  scaled  down 
versions  of  existing  Si  devices  has  been  an  active  research 
subject  [1,  2].  The  scaling  of  device  parameters  of  many 
structures  is  under  consideration  and  theories  for  improved 
effective  channel  length  for  a  fully  depleted,  surrounding- 
gate  MOSFET  and  double-gate  SOI  MOSFET  have  been 
proposed  [3,  4].  Dimension  reduction  for  current  technol¬ 
ogies,  however,  has  its  limits  set  by  optical  lithography,  and 
scaling  of  MOSFETs  has  complexities  of  short-channel  - 
cffects  (SCEs).  Scaling  of  double  gate  and  silicon-on- 
insulator  (SOI)  Delta  MOSFETs  to  the  nanoscalc  regime 
shows  promise  but  further  scaling  has  been  limited  due  to 
fabrication  difficulties  [5]. 
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For  MOS  transistors,  scaling  studies  have  mainly  focused 
on  decreasing  channel  length  to  submicron  dimensions 
while  the  width  has  remained  several  microns  in  size  due  to 
the  necessity  of  maintaining  the  current  driving  capability 
(width-to-length  ratio)  of  the  transistor  True  nanosailing 
requires  the  reduction  of  the  overall  size  of  the  transistor 
and  not  just  the  gate  length.  Such  studies  have  recently 
attracted  considerable  research  interest  since  the  electrical, 
optical  and  thermodynamic  properties  of  nanostructures 
can  be  significantly  different  from  those  of  bulk  material  of 
the  same  composition  [6].  MOSFETs  with  a  nanowire 
channel  wrap-around -gate  (WAG)  structure  have  been 
shown  to  have  significantly  improved  carrier  transport 
properties  over  conventional  devices  because  of  reduced 
scattering  and  better  gate  control.  Additional  study  is 
necessary  in  order  to  fully  determine  the  physical  processes 
impacting  the  transport  mechanisms  [7). 

In  this  paper  we  demonstrate  that  the  current  density  is 
enhanced  in  nanowire  channel  WAG  MOSFETs  as  a  result 
of  higher  carrier  mobilities.  We  discuss  the  physical 
processes  contributing  to  the  increased  mobility,  specifically 
quasi- ID  transport  at  the  channel  centre  of  such  devices. 
Equations  for  the  mobility  model  and  a  physical  interpreta¬ 
tion  are  provided.  For  this  study,  we  fabricated  ~50nm 
diameter  nanowire,  wrap-around-gate  MOSFETs  with 
single  and  multiple  parallel  channels  and  compared  their 
characteristics  with  ~2pm  wide,  200  nm  thick  slab,  top- 
only-gate  MOSFETs  that  were  identical  in  all  aspects 
except  for  dimensionality  of  the  channel  region.  In  order  to 
focus  on  the  effects  of  scaling  the  channel  width  region,  the 
nanowire  channel  length  and  the  slab  gate  length  were  both 
made  intentionally  long  (  —  2  pm)  for  this  study  so  that  short 
channel  effects  would  be  minimised.  Simulations  of  carrier 
mobility  for  both  nanowire  WAG  and  slab  gate  devices  arc 
presented.  The  device  conduction  processes  arc  explained  in 
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terms  of  changes  in  the  channel  mobility,  the  influence  of 
transverse  and  parallel  components  of  the  channel  electric 
field,  and  the  impurity  distribution  within  the  channel  as  a 
result  of  the  fabrication  process. 

2  Nanowire  fabrication 

Interferometric  lithography  (IL)  is  a  well-developed  techni¬ 
que  for  inexpensive,  large-area  nanopatteming  and  was 
used  in  the  nanowire  fabrication  process  [8].  In  its  simplest 
version,  IL  is  interference  between  two  coherent  waves 
resulting  in  a  1 D  periodic  pattern  with  a  pitch  of  Alls'mO 
where  l  is  the  optical  wavelength  and  26  is  the  included 
angle  between  the  interfering  beams.  A  typical  IL  config¬ 
uration  consists  of  a  collimated  laser  beam  incident  on  a 
Fresnel  mirror  (FM)  mounted  on  a  rotation  stage  for 
period  variation  [9].  There  is  no  depth  dependence  to  an  IL 
exposure  pattern,  for  which  the  depth-of- field  is  limited  only 


Fig.  1  SEM  micrographs  showing  results  of  thermal  oxidation 
a  SOI  slab  gate  region 

b  single  nanowire  surrounded  by  thermally  grown  Si02 
c  multiple  parallel  nanowires  surrounded  by  thermally  grown  SiO? 


by  the  laser  coherence  length  and  beam  overlaps.  The  ID 
nanoscale  patterns  were  first  formed  in  photoresist  followed 
by  pattern  transfer  on  to  the  underlying  substrate  using 
reactive-ion-etching  (RIE)  in  a  parallel  plate  reactor 
using  CHF3/O2  plasma  chemistry  [10],  Figure  l  shows 
cross-sectional  views  of  these  structures  after  thermal 
oxidation.  These  nanowircs  form  the  channel  region  of  a 
wrapped-around-gate  nanochannel  MOSFET  as  described 
in  Section  3. 


3  Nanowire  WAG  channel  and  top-only-gate  slab 
MOSFET  fabrication 

Nanowires  were  fabricated  using  the  processes  described  in 
Section  2  in  localised  channel/gate  areas  of  the  MOSFET 
devices  using  IL,  along  with  conventional  1-line  contact 
mask  printing  [11]  for  defining  the  device  source  and  drain 
regions.  For  comparison,  we  also  fabricated  MOSFET 
devices  with  slab  top-only-gate  regions. 

Figure  2  shows  a  process  flow  sequence.  A  10-22  D-pcr- 
squarc  bare  silicon  on  insulator  (SOI)  wafer  with  a  200  nm 
thick  active  Si  layer  on  top  of  a  400  nm  thick  buried  oxide 
(BOX)  isolation  layer  was  spin  coated  with  photoresist  (PR) 
and  exposed  to  an  interference  pattern  as  described  above. 
A  30  nm  thick  blanket  layer  of  Cr  was  then  deposited  by  c- 
bcam  evaporation  and  a  lift-off  step  was  used  to  create  an 
array  of  Cr  lines  that  are  an  effective  RIE  etch  mask.  In 
order  to  localise  the  Cr  lines  to  the  regions  where  the  wires 
would  be  produced,  the  wafer  was  again  spin  coated  with  a 
PR  layer  and  a  mask  was  then  used  to  selectively  pattern 
the  PR  to  protect  portions  of  the  Cr  lines  from  a  chemical 
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Fig.  2  Process  flow  sequence  for  fabrication  of  nano  wire  wrap¬ 
around-gate  MOSFET  (left)  and  slab- lop-only-gate  MOSFET 
device  (right) 
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Cr-etch  solution.  Once  the  Cr  was  etched  from  the 
unwanted  regions,  the  PR  was  removed.  Once  again  a 
layer  of  PR  was  applied  on  to  the  sample  to  define  the 
source  and  drain  regions.  The  source  and  drain  definition 
’mask  was  aligned  to  the  Cr  lines  (gate  pattern).  After  the 
exposure  and  develop  processes,  the  remaining  structure 
had  source  and  drain  mesas  masked  by  PR  and  Cr  lines 
masking  the  gate  region  between  the  source  and  drain 
regions.  The  samples  were  then  etched  to  the  BOX  layer  by 
RIE,  thus  defining  the  channel  and  source/drain  regions. 
Figure  3  shows  SEM  micrographs  of  a  slab  gate  and 


c 


Fig.  3  SEM  micrographs  of  slab  st  rue  fare  and  precursors  to  single 
and  multiple  nanowirc  gate  structures 

a  Slab  structure  connecting  top  source  mesa  region  and  bottom  drain 
mesa  region 

b  Precursor  to  nanowire  gate  structure  connecting  source  and  drain 
mesa  regions 

c  Precursor  to  multiple  nano  wire  gate  structure  connecting  source  and 
drain  mesa  regions 


nanowire  gale  structures  before  thermal  oxidation.  Basically 
at  this  point  we  have  two  mesa  structures  (source  and  drain 
regions)  connected  by  a  wide  slab  or  by  wires,  respectively. 
After  the  RIE  step  the  PR  and  the  Cr  etch  mask  lines  were 
removed.  There  is  considerable  damage  left  by  the  RIE  step. 
Jn  order  to  remove  some  of  this  damage,  two  rapid  thermal 
anneal  (RTA)  steps  were  performed.  The  first  RTA  was 
performed  at  900°C  for  5  min  in  a  nitrogen  environment  to 
anneal  the  damaged  surface  [12]  followed  by  a  second  RTA 
step  for  3  min  at  450UC  in  a  hydrogen  environment  to 
passivate  the  Si  surfaces.  Next  a  thick  ~Q.5  pm  thick  silicon 
nitride  layer  was  deposited  on  to  the  samples  to  be  used  as  a 
diffusion  mask.  A  layer  of  PR  was  spin  coated  on  to  the 
wafer  and  windows  were  opened  in  the  nitride  layer  above 
the  source  and  drain  regions  using  buffered  oxide  etch 
(BOE)  solution.  PR  was  removed  and  a  layer  of 
phosphorous  spin  on  glass  (PSG)  was  coated  on  to  the 
sample  for  the  pre-deposition  step  that  was  performed  at 
—  900°C  for  5  min.  Next  the  PSG  and  nitride  layers  were 
removed  using  BOE.  The  gate  oxidation  and  dopant  drive- 
in  were  performed  in  a  single  thermal  step  using  an 
oxidation  furnace  at  1000~C.  As  a  thermal  oxide  was  grown 
around  the  wire  structures  it  consumed  the  Si,  thus 
decreasing  the  width  of  the  wire.  Careful  characterisations 
were  performed  in  order  to  optimise  the  thermal  process  in 
order  to  result  in  a  Si  nanowirc  region  diameter  of  ^  50  nm. 
This  process  grew  a  gate  oxide  that  was  ~~ 60  nm  thick 
around  the  nanowircs.  Similarly  a  ~ 60  nm  gate  oxide  was 
grown  on  the  slab  gate  devices  in  order  to  minimise  any 
oxide  capacitance  (COJt)  effects  in  our  final  analysis.  The 
time  for  the  oxidation  to  yield  ~50nm  diameter  Si  wires 
drove  some  of  the  dopant  into  the  channel  region.  Figure  4 a 
shows  a  process  simulation  of  the  predicted  phosphorous 
impurity  content  in  the  wires.  The  resultant  doping  profile 
resulted  in  an  n  +  n  n 4  structure  as  shown  in  the  process 
simulation  (Fig.  4£-4c),  which  shows  the  modelled  impurity 
profiles  before  and  after  the  oxidation/di ffusion  process. 
Next  a  layer  of  PR  was  deposited  and  patterned  for 
metallisation.  A  300  nm  thick  A1  layer  was  e-bcam 
deposited  using  multiple  shadow  evaporations  and  liftoff 
in  order  to  achieve  conformal  gate  coverage.  The  samples 
were  cleaned  and  annealed  at  ~430  C  in  a  rapid  thermal 
anneal  (RTA)  to  create  ohmic  contacts  at  the  source  and 
drain  region.  Completely  fabricated  single  and  multiple 
nanowire  channel  WAG  MOSFETs  and  top-only-gate  slab 
MOSFET  are  shown  in  Fig.  5. 

4  Current-voltage  measurements,  modelling,  and 
analysis 

Experimental  I  V  plots  for  both  the  nanowire  and  slab 
devices  are  shown  in  Fig.  6.  The  drain  current  {If)  as  a 
function  of  drain-to-source  voltage  (Fds)  for  various  gale 
biases  was  measured  using  a  digital  curve  tracer.  As  seen 
from  the  plots,  for  similar  doping  profiles,  gate  length  and 
gate  oxide  thicknesses  the  current  voltage  characteristics  of 
the  nanowirc  and  slab  MOSFET  are  considerably  different. 
The  drain  current  in  the  nanowirc  is  rather  flat  in  the 
saturation  region  (Fds>l  V)  compared  to  the  significant 
slope  in  the  slab  device.  This  is  due  to  the  geometry  of  the 
slab  MOSFET,  in  which  the  fringing  fields  at  the  edges  of 
the  slab  significantly  impact  the  drain  current.  As  the 
channel  approaches  pinch-off,  the  carrier  charge  drops  at 
the  drain  end  and  the  lateral  fringing  field  increases  at  the 
edges  of  the  slab.  Further  increasing  Fds  causes  the  high- 
field  region  at  the  drain  end  to  widen  the  channel  enough  to 
accommodate  the  additional  potential  drop,  thus  resulting 
in  a  further  increase  in  the  drain  current.  In  contrast,  when 
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Fig.  4  Simulation  plots  of  impurity  concentrations 
a  Impurity  concentration  through  the  nanowire  diameter  width  from 
the  base  of  the  nanovvire  (.v  —  0  nm)  to  the  top  surface  (  v  -  50  nm) 
b  Pre-diffusion  impurity  concentration  of  acceptors  (substrate  doping) 
and  donors  (phosphorous  doping)  throughout  the  source  gate-drain 
regions 

t  Post-diffusion  impurity  concentration  of  both  acceptors  and  donors 
throughout  the  source  gate  -drain  regions 


the  nanowire  device  is  biased  in  the  saturation  region,  the 
effective  channel  length  of  the  nanovvire  device  is  essentiaJly 
unaffected  since  the  depletion  region  at  the  drain  terminal  is 
physically  restricted  to  ~50nm.  This  effect,  known  as 
channel  length  modulation,  is  a  wclJ-known  phenomenon  in 
conventional  transistor  designs  [13].  This  phenomenon  is 
more  dominant  in  conventional  short  channel  devices. 
Suppressing  such  effects  in  the  ~  l  Kds  nanovvire  device  (as  is 
the  case  here)  is  of  significant  benefit,  specifically  in  the 
development  of  low  voltage  circuit  applications. 

Figure  6  shows  that  in  the  nanovvire  MOSFET  the 
current  is  an  order  of  magnitude  less  than  for  the  slab 
device.  Scaling  to  the  cross-sectional  area  shows  that  the 
nanowire  device  current  density  is  three  times  higher  than 
that  of  the  planar  slab  device.  From  the  experimental  data 
the  resultant  conductivities  for  the  slab  and  nanowire 
devices  are  x  103  A/Vcm2  and  fl\viro ~ 3  x  1 04  A,/' 

Vcm2  This  means  that  we  can  obtain  the  same  amount  of 


c 

Fig.  5  SEM  micrographs  of  various  MOSFET  structures 
a  Slab-MOSFHT  where  the  centre  electrode  is  the  gate  surrounded  by 
the  source  and  drain  electrodes 
b  Single  nanowire-MOSFHT 
c  Multiple  nanowire-MOSFHT 


total  current  driving  capability  in  nanowire  channel  devices 
that  have  much  smaller  cross-sections  by  configuring  several 
nanowires  in  parallel.  In  order  to  understand  and  improve 
the  current  characteristics  of  the  nanodcvicc,  we  also 
modelled  the  current  voltage  characteristics  of  the  transis¬ 
tors.  We  arc  not  aware  of  any  reported  standard  nanowire 
channel  wrap-around-gale  MOSFET  drain  current- voltage 
(/d--Fds)  relations  and  in  order  simulate  the  results  wc 
developed  a  very  simple  model  based  on  the  2-D  sketch  of 
Fig.  la. 

Poisson’s  equation  in  cylindrical  coordinates  can  be 
written  as 


l  ft  _  _  p_ 

r  dr  \  dr )  Bs 


(i) 
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Fig.  6  Experimental  plats  of  drain  current  as  a  function  of  drain- 
to-source  bias  for  various  gate  voltages 
a  Slab-MOSFET 
h  Single  nanowire-MOSFET 


where  i//  is  the  electron  potential,  r  is  the  radius  vector,  p  is 
the  charge  density  per  unit  volume,  and  t ^  is  the  dielectric 
constant  of  silicon. 

We  assume  that  the  average  charge  in  the  cylindrical 
channel  is 


Average  ~  (0s  +  0d)/2  (2) 

where  2s  is  the  charge  per  unit  area  in  the  channel  near  the 
source  and  2d  near  the  drain  regions.  The  current  density 
in  the  channel  am  be  then  approximated  by 

Jd  ~  —  2avcragev’dnfl  (3) 

where  vdrUl  is  the  channel  region  carrier  drift  velocity.  The 
cylindrical  nano  wire  oxide  capacitance  C,  „x  near  the  source 
and  drain  regions  can  be  written  as  a  function  of  the 
regional  charge  and  applied  source,  drain  and  gate 
potentials  as  follows: 

hrox  =  ~{Q%jVp>  ~~  1‘1) 

=  -Qd/{V&  -  K),  where  Vgd  -  V&  -  Vds  (4) 

where  is  the  gatc-to-source  potential,  v+  is  the  drain-to- 
gatc  potential,  and  Vy  is  the  threshold  voltage. 

Substituting  2s  and  2d  into  the  equation  for  Jd  results  in 

■At  «  Crox[(2^  -  Vt  -  Vds)/ 2]vdnft  (5) 


Thus  the  current  density  Jd  depends  on  the  drift  velocity, 
the  drain  and  gate  biases  and  the  channel  capacitance.  Any 
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Fig.  7  Schematic  views  of  nanowire  WAG  MOSFET  and  carrier 
conduction 

a  Schematic  configuration  of  a  nanowire  WAG  MOSFET 
b  Carrier  conduction  through  a  nanowire  gate 
c  Carrier  conduction  through  a  slab  gate 


width  -2 jim 


variation  in  these  parameters  will  be  reflected  in  the  current 
density  value.  Since  the  channel  capacitance  per  unit  area 
(F/cm2)  is  fixed  for  a  given  oxide  thickness  and  because  the 
oxide  thickness  is  about  the  same  (~60nm)  for  both  the 
nanowirc  and  the  bulk  devices,  the  capacitance  per  unit  area 
effect  may  not  contribute  significantly  to  the  current 
density.  Neglecting  contributions  from  the  terminal  bias 
effects,  the  major  contribution  comes  from  the  drift  velocity 
component.  The  drift  velocity  is  a  function  of  carrier 
mobility  while  the  mobility  itself  depends  on  the  electric 
field  in  the  channel.  The  electric  field  at  any  channel  region 
is  the  vector  sum  of  the  parallel  (£■)  and  transverse  (E±) 
component,  where  E  is  in  the  direction  of  the  current  flow. 
It  may  be  noted  that  even  without  significant  change  in 
‘actual'  mobility,  changes  in  parallel  and  transverse  electric 
field  component  can  alter  the  mobility  (carrier  velocity) 
components  (and  hence  the  drain  current)  significantly.  For 
example,  the  magnitude  of  the  £-field  at  any  point  can  be 

written  as  |£|  =  y lE\-\-E^  which  can  be  satisfied  by 

various  values  for  EL  and  E ...  (e.g.  |£j  \/50kV/m  is 

satisfied  for  E±  -  5  kV/m  and  E  5  kV/m,  or  E±  1  kV/ 
m  and  E  —  7kV/m).  The  increase  in  E  (second  case), 
results  in  an  increase  in  the  parallel  drift  velocity,  thus 
increasing  current  flow.  The  hypothesis  stated  above  was 
tested  through  incorporating  mathematical  models  for 
mobility  and  electric  fields  in  the  channel  regions  of  the 
devices.  Most  mobility  models  incorporate  saturation  at 
high  parallel  field  of  the  form  as  suggested  by  Thomber  [14], 


Vdnft(£1!?£L>M,  T)  -  ju(£lt  A/],  T).{  1 

+  HCi,Nh  T)E:i/vs(T)e]'  *}.Ei 

(6) 
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where  Ni  is  the  local  impurity  concentration,  and  T  is  the 
absolute  temperature.  The  carrier  saturation  velocity,  in 
the  channel  region  is  assumed  independent  of  normal 
electric  field,  impurity  concentration,  and  direction  of 
’  current  flow  with  respect  to  the  crystal  orientation.  The 
fitting  parameter  fi  has  been  well  characterised  with  a  value 
of  2  for  both  electrons  and  holes  [15].  Besides  the  electric 
field  dependence,  other  mechanisms  such  as  acoustic 
phonon  scattering,  impurity  scattering  and  surface  scatter¬ 
ing  also  contribute  to  the  mobility.  Thus  the  mobility  can  be 
approximated  by  the  sum  of  the  following  terms,  [16,  17]: 

1 !  ft  1  /  /Lie  t'  1  / /*h  T  1  /  “hi/ /^Coulomb  (^) 

where  /r*.  is  the  mobility  limited  by  scattering  acoustic 
phonons  and  is  given  by  [17] 

H„c=qhipnJ{mi'm^Z\kBT)  (8) 

where  q  is  the  elementary  charge,  h  is  Dirac  constant,  fi\  is 
the  sound  velocity,  m*  and  wu  is  the  effective  mass  and 
mobility  mass,  respectively,  ZA  is  the  deformation  potential, 
kB  is  the  Boltzmann  constant,  T  is  the  absolute  temperature 
and  p  is  the  areal  mass  density  of  silicon. 

The  bulk  mobility  of  silicon  is  given  by  [18] 

Mb (NU  T)  -■  /l0  +  (/W(T)  -  Mo)/[l  +  W/Crn 

-/«,/(!  +  (Cf/iV,)']  (9) 

where  N\  is  the  local  impurity  concentration,  umax  is  the 
ohmic  (pure-latticc)  electron  mobility,  Cr  and  Cs  are  fitting 
parameters  and  a,  /i,  p\  are  model  parameters  for  electrons 
or  holes  where  the  values  can  be  found  in  Masctii  et  af.  fl61 
For  example,  /i max  -  1417cm"/Vs,  /<o  =  52.2  and  44.9  cm" 
Vs  for  electrons  and  holes  respectively. 

/isr  is  the  mobility  limited  by  surface  roughness  scattering 
and  is  given  by  [19] 

ft,(E±)  =  S/Ei  (10) 

where  E±  is  the  transverse  electric  field  and  <5  is  a  model 
parameter  and  is  5.82  x  l014V/s  and  2.0546  x  10l4V/s  for 
electrons  and  holes  respectively  [20]. 

/^Coulomb  ^  due  to  the  effect  of  Coulomb  scattering,  which 
is  mainly  due  to  oxide  fixed  charge  and  surface  states  charge 
and  can  be  found  from  [20] 

/^Coulomb  ^  Qf  0  0 

where  Q\  is  the  fixed  oxide  charge  and  T  is  the  absolute 
temperature. 

Details  of  mobility  models  and  parameters  for  non- 
planar  structures  can  be  found  in  Lombardi  et  ai  [21]  and 
will  not  be  discussed  here.  However,  it  is  important  to  note 
that  is  the  main  reason  for  the  higher  mobility  in  the 
nanowire  devices,  and  that  the  values  of  /£ac,  /ib,  /xcouJomb* 
arc  comparable  for  both  devices.  The  carrier  transport  is 
based  on  changes  in  the  mobility  components  due  to 
transverse  and  parallel  electric  fields,  and  is  also  due  to  the 
physics  described  in  (8)-(l  1),  which  is  reflected  in  the  final 
mobility  value  and  hence  the  drift  velocity  component. 
Any  reduction  in  the  transverse  field  (expected  to  be 
minimum  near  the  centre  of  the  nano  wires)  increases 
the  /^r  component  (10)  and  the  overall  mobility  value  in 
the  Mathiesen’s  summation  (7).  In  the  slab  device,  the 
transverse  field  is  directed  from  the  top  towards 
the  substrate,  while  in  the  wrap  around  gate  structure,  the 
transverse  field  is  directed  from  all  around  and  is  minimum 
at  the  centre.  Thus,  due  to  the  electric  field  configuration 
affecting  the  surface  interactions  the  mobility  is  expected  to 
increase  at  the  centre  of  the  nanowircs.  Figure  Ib-lc  shows 
an  expected  schematic  model  of  the  carrier  transport 
mechanism  for  both  nanochannel  and  slab  devices.  For 


reasons  discussed  above,  the  nanowire  is  expected  lo  show 
‘enhanced  forward’  motion  compared  to  the  conventional 
MOSFET  surface  scattering  model  for  the  slab  geometry. 

Figures  8  and  9  show  a  2D  simulation  plot  of  carrier 
parallel  (/x, ,)  and  perpendicular  (jiL)  mobilities  for  both  slab 
and  nanochannel  devices.  In  the  slab  device  (Fig.  8 a)  the 
mobility  is  lower  at  the  Si  SiCL  interface  due  to  surface 
interactions  and  the  large  transverse  electric  field.  Further 
away  from  the  interface  in  the  perpendicular  direction  these 
effects  decrease  and  the  mobility  increases  and  levels  out  to 
the  bulk  mobility  value.  The  dip  in  px  is  due  to  the  location 
of  the  edge  of  the  depletion  region  where  the  field- 
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Fig.  8  Simulation  plots  for  slab  channel  carrier  mobility  in  the 
parallel  and  transverse  directions  for  various  gate  biases 
a  Kg-0V 
b  f/  -  >0.5  V 
c  -1.0  V 
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Fig.  9  Simulation  plots  for  nanowire  channel  carrier  t nobility  in 
the  parallel  and  y  transverse  directions  for  various  pale  biases 
a  Fg  ~0V 
h  Vg  —  —0.5  V 
c  Vt  1 ,0  V 


dependent  component  drops  rapidly.  The  nanowire  device 
(Fig.  9a)  shows  similar  trends  but  the  mobility  at  the 
channel  centre  is  about  three  times  larger  than  the  slab 
devices.  The  enhanced  mobility  is  due  to  the  fact  that  the 
transverse  field  has  an  cquipotential  configuration  in  the 
channel  instead  of  from  the  top  only  as  in  the  slab  case.  This 
results  in  an  improved  parallel  electric  field  distribution 
through  the  centre  of  the  cross-sectional  channel  region, 
where  the  surface  scattering  and  Coulomb  effects  are  aJso 
minimal.  Figures  86-8c  and  9 b  9c  show  plots  of  the  effects 
of  applying  gate  bias  (transverse  electric  field)  on  carrier 
mobility  for  both  wire  and  slab  devices.  As  can  be  seen  from 
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Fig.  10  Simulation  plots  of  drain  current  as  a  function  of  drain 
source  bias  for  various  gate  biases 
a  Slab-MOSFET; 
b  Singlenanowire  MOSFET 


the  plots  the  variations  in  transverse  electric  field  arc  more 
pronounced  in  the  slab  gate  devices  compared  to  the 
nanowire  channel  devices.  Figure  10  shows  simulated  l  V 
characteristics  for  the  ~  50  nm  channel  device  at  different 
gate  biases.  The  results  are  in  agreement  with  the  measured 
/  V  for  the  fabricated  single  channel  device  as  shown  in 
Fig.  6.  The  close  match  between  the  simulated  and 
measured  /  V  plots  is  an  indication  of  the  validity  of  the 
model  and  material  parameters  chosen  for  the  simulation. 

The  simulation  also  shows  that  the  nanowire  channel 
device  has  characteristics  that  arc  somewhat  similar  to  a 
buried  channel  MOSFET  [22].  Our  simulations  show  that 
the  /  V  characteristic  of  the  device  is  very  sensitive  to  the 
doping  profile  of  the  narrow  ~50nrn  thick  channels.  The 
best  fit  is  for  the  case  wTcrc  an  n-type  dopant  is  near  the 
upper  surface  and  decreases  monotonically  in  the  y- 
direction  (Fig.  4).  This  profile  is  expected  since  during  the 
fabrication  process  the  source  and  drain  were  diffused  at 
1000°C  with  an  n-type  dopant  with  a  peak  concentration  of 
1018cm-3.  It  is  very  likely  that  diffusion  into  the  channel 
region  also  took  place.  The  net  effect  is  the  creation  of  a 
device  very  similar  to  a  normally-on  n-buried  channel 
MOSFET  The  channel  doping  profile  prior  to  and 
following  the  diffusion  process  is  different  as  is  evident 
from  the  process  simulation  in  Fig.  4  [23].  As  can  be 
anticipated,  during  device  operation  the  conducting  channel 
is  the  n-region  rather  than  an  inversion  layer  at  the  Si  Si02 


428 


l EE  Proc.-Ciraais  Devices  Syst ,  Vol.  151.  No  5.  October  2004 


interface  as  would  normally  be  the  case  if  the  p-type  channel 
were  the  dominant  dopant.  Buried  n-layer  MOSFETs  have 
been  analysed  and  the  physics  of  the  device  I-  V  character¬ 
istics  for  the  linear  and  saturation  regions  are  different  from 
*  that  for  an  inversion  layer  formed  at  the  Si-SiO?  interface 
[24]. 

5  Subthreshold  currents 

The  subthrcshold  region  performance  is  particularly 
important  when  evaluating  the  suitability  of  MOSFETs 
for  low  voltage,  low  power  applications,  such  as  when  the 
MOSFET  is  used  in  high  bit  rate  switching  applications. 
The  subthrcshold  currents  as  a  function  of  gate  bias  are 
shown  in  Fig.  11  for  a  single  WAG  nanochannel  and  slab 
devices.  As  can  be  seen  from  the  figure  the  current  drops 
about  three  decades  for  a  small  (AF— 0.1  V)  variation  in  the 
gate  bias.  In  contrast,  the  subthrcshold  current  in  the  slab 
gate  device  did  not  drop  one  decade  for  a  much  larger 
variation  in  gate  bias.  Typical  nanochannel  devices 
characterised  had  —  50  nm  width  Si  surrounded  by 
—  60nm  oxide  with  an  A1  wrap-around -gate  electrode  and 
the  slab  devices  had  —  200nm  thick  Si  that  was  — 2  pm 
wide  with  a  —  60  nm  thick  oxide  with  top  only  A1  gate  Both 
nanochanncl  and  slab  channels  were  —  2  pm  long.  From 
Fig.  1 1  we  can  calculate  the  gate  voltage  swing  S  using  the 
standard  definition  given  by  (12),  which  results  in  a 
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Fig.  ii  Measured  subthrcshold  drain  current  plots  as  a  function  of 
gate  bias 

a  Nanowire  WAG  MOSFET 
b  Slab  top  only  gate  MOSFET 


subthrcshold  slope  of  —  100  mV/decade  for  the  nanowire 
MOSFET. 


S  =  lnIO[dKG/d(In/D)]  (12) 

Since  the  subthreshold  current  did  not  drop  even  one 
decade  we  extrapolated  the  subthreshold  slope  to  be  —  4  V/ 
decade  for  the  slab  gate  devices  where  the  current  cannot  be 
effectively  turned  off.  This  is  due  to  the  fact  that  these 
devices  do  not  have  a  typical  n-channcl  MOSFET  doping 
profile  but  arc  essentially  buried  channel  devices  with  an 
n+n“n+  doping  profile  in  which  there  arc  sufficient  carriers 
in  the  channel  for  conduction  even  at  0  V  gate  bias. 

Considering  we  have  a  similar  doping  profile  for  the 
nanowire  channel  device  that  has  a  gate  oxide  thickness  of 

—  60nm,  the  subthrcshold  performance  is  truly  remarkable. 
These  results  also  demonstrate  that  narrow  channels 
provide  better  control  over  the  channel  potential  due  to 
the  enhanced  gate  control  from  all  sides  in  contrast  with 
only  the  front  surface  coverage  in  conventional  planar 
transistors,  even  for  these  unconventional  device-doping 
profiles. 

6  Analysis  and  conclusion 

Through  experiments  and  simulation,  we  have  explained 
the  earner  transport  properties  of  Si  nanowire  channel 
wrap-around -gate  MOSFET.  Nanowire  WAG  MOSFET 
devices  were  fabricated  along  with  slab  top-only-gate 
MOSFETs  for  a  comparative  study.  Interferometric 
lithography  was  used  to  define  the  nanowire  in  the  channel 
region  and  conventional  lithography  was  used  to  define  the 
source  and  drain  regions.  Devices  characterised  had 

—  50nm  diameter  wire  channels  and  —  200  nm  thick, 

—  2  pm  wide  slab  regions  that  were  both  —2  pm  in  length. 
In  future  studies  wc  plan  to  investigate  shorter  devices  to 
understand  non -equilibrium  effects  as  a  function  of  lateral 
and  transverse  dimensions.  A  semi -empirical  carrier  mobi¬ 
lity  model  for  non-planar  silicon  structures  was  used  to 
model  the  current -  voltage  characteristics.  Simulation  results 
show  good  agreement  with  experiment.  Analysis  showed 
that  the  current  density  is  about  —3  time  higher  in  the 
nanowire  channel  WAG  devices  as  then  in  the  slab  devices. 
This  is  primarily  due  the  average  higher  carrier  mobilities  in 
the  nanowire  channel  devices  as  well  as  conformal  uniform 
electric  flux  densities  in  the  wire  devices.  Study  also  shows 
that  MOSFET  width  scaling  is  possible  while  maintaining 
the  current  driving  capability  high  by  integrating  multiple 
nanowires  in  parallel.  The  experimental  results  showed  that 
the  current  was  a  linear  function  of  the  number  of  wires. 
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Single-longitudinal-mode  emission  from  interband 
cascade  DFB  laser  with  a  grating  fabricated  by 
interferometric  lithography 


J.L.  Bradshaw,  J.D.  Bruno,  J.T.  Pham,  D.E.  Wortman,  S.  Zhang  and  S.R .J.  Brueck 

Abstract:  A  distributed- feedback,  type-II  interband  cascade  laser  is  demonstrated  in  pulsed  mode, 
emitting  near  3.145  pm  at  temperatures  between  50  and  80  K.  Feedback  is  provided  by  a  surface- 
etched  grating  formed  using  interferometric  lithography.  Between  50  and  80 K,  the  device's  single 
longitudinal  mode  red-shifts  with  temperature  at  ~0.1  nm/K.  At  70 K  and  190mA  of  pulsed 
injection  current,  side-mode  suppression  exceeds  30 dB.  The  characteristics  of  related  Fabry -Perot 
IC  lasers  are  also  described  and  contrasted  with  those  of  the  distributed  feedback  device. 


1  Introduction 

In  this  paper,  we  report  on  the  first  demonstration  of  a 
distributed  feedback  (DFB)  interband  cascade  (IC)  laser. 
Light -current -voltage  (L-I-V)  and  spectral  character¬ 
istics  of  the  DFB  device  are  reported,  along  with  the  L-I-  V 
characteristics  of  related  Fabry- Perot  (FP)  devices  for 
comparison.  Possible  improvements  to  the  DFB  device 
structure  are  also  identified. 

The  results  reported  below  are  significant  because  they 
represent  another  step  forward  in  the  ongoing  development 
of  quantum-cascade-based  semiconductor  diode  lasers 
(SDLs),  which  include  the  type  I  intersubband  quantum 
cascade  (QC)  lasers  and  the  type-II  IC  lasers.  These  cascade 
laser  designs  partially  overcome  fundamental  limitations  of 
more  conventional  mid-IR  laser  designs,  and  hold  the 
potential  of  providing  single-mode  SDLs  throughout  the 
mid-IR  region  that  can  operate  under  CW  conditions  at 
ambient  temperatures  (or  temperatures  accessible  with 
thermoelectric  coolers). 

The  QC  laser  has  recently  demonstrated  CW  operation  at 
300  K  from  a  FP  device,  emitting  at  9. 1  pm  [1],  and  single¬ 
mode  DFB  QC  lasers  have  been  demonstrated  between  4.5 
and  16.5  pm  (see  [2]  for  a  recent  review).  FP  IC  lasers  have 
been  demonstrated  in  the  3  to  5  pm  wavelength  region,  and 
recently,  room  temperature,  pulsed  operation  was  demon¬ 
strated  at  3.51  pm  [3].  However,  single-mode  IC  lasers  have 
not,  to  our  knowledge,  been  reported  previously. 

2  Experimental  details 

The  laser  sample  used  to  fabricate  the  DFB  device,  referred 
to  below  as  M2,  was  grown  by  molecular  beam  epitaxy 
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(MBE)  on  a  p-type  (001)  GaSb  substrate.  The  layer  structure 
and  DFB  device  geometry  are  shown  schematically  in  Fig.  I . 
A  2.26-pm-thick  n-type  InAs/AlSb  superlattice  region 
serves  as  the  waveguide’s  lower  cladding  and  is  followed 
by  a  1 .34- jxm- thick  core  region.  The  core  consists  of  18 
identical  cascaded  active  regions  separated  by  n-type 
injection  regions.  A  0.3-pm-thick,  p-doped  GaSb  layer 
was  grown  above  the  core  region  and  serves  as  a  separate 
confinement/top  contact  layer  and  host  layer  for  the  etched 
grating  of  the  DFB  devices. 

The  active  region  of  the  laser’s  core  consists  of  InAs  and 
GalnSb  quantum  well  (QW)  layers  and  GaSb  and  AlSb 
blocking/barrier  layers,  and  the  injection  regions  consist  of 
digitally  graded  n-lnAs  and  AlSb  layers.  A  schematic 
energy  band  diagram  of  a  single  period  of  a  typical  IC 
laser's  cascaded  active  and  injection  regions  is  shown  in 
Fig.  2.  Electrons  injected  into  the  active  region’s  InAs  QW 
relax  to  the  lowest  heavy-hole  state  in  the  neighbouring 
GalnSb  QW  with  the  emission  of  a  photon.  Subsequent 
transport,  facilitated  by  interband  tunnelling,  moves  the 
electrons  into  the  adjacent  injection  region,  where  they  are 
transported  through  the  region’s  conduction  miniband  for 
injection  into  the  next  active  region.  The  active/injection 
regions  of  M2  and  the  MBE  procedures  used  in  its  growth 
are  the  same  as  those  used  in  the  growth  of  the  sample  in  [3] 
and  have  been  described  elsewhere  [4]. 

After  MBE  growth,  the  M2  sample  was  cleaved  to 
provide  laser  material  for  the  fabrication  of  both  DFB  and 
FP  devices.  Prior  to  wet-etching  for  mesa  definition  of  DFB 
devices,  a  grating  was  etched  into  the  top  of  the  DFB 
material  as  follows.  First,  an  anti  reflection  cociting  (ARC) 
and  photoresist  (PR)  layer  were  deposited  onto  the  top 
p-GaSb  epi layer  of  the  M2  sample.  Two  beams  formed  from 
the  third  harmonic  of  a  yttrium-aluminiurn-garnet  (YAG) 
laser  at  355  nm  were  then  directed  from  opposite  positions 
onto  the  sample,  each  making  angles  of  ~45°  relative  to  the 
sample’s  surface.  The  angle  was  chosen  so  that  the  beam’s 
interference  formed  a  465-nm-period  standing-wave  pattern 
in  the  PR  above  the  ARC  layer,  exposing  the  PR.  The 
grating  period  was  determined  by  dividing  the  expected 
emission  wavelength  of  the  M2  device  (3.32  pm  at  80  K)  by 
twice  the  waveguide’s  modal  index  n.  The  latter  was 
estimated  at  3.47  by  measuring  the  FP  fringe  spacing,  A/, 
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Fig.  1  Schematic  layer  structure  and  device  geometry  used  for  DFB  devices 
a  Cross  sectional  view  showing  DFB  edge-contacting  scheme 
h  Side  view  showing  top-grating  orientation 


of  a  similar  device’s  be  low- threshold  amplified  spontaneous 
emission  spectrum  and  using  the  relation  n  =  A~/(2LA2), 
where  AX  is  the  separation  between  adjacent  FP  fringes,  A  is 
the  expected  emission  wavelength  and  L  is  the  device’s 
cavity  length. 

The  exposed  PR  and  underlying  ARC  layers  were  then 
removed,  and  an  ion  beam  was  used  to  etch  a  shallow 
vertical  trench  into  the  exposed  p-GaSb  layer.  After 
cleaning,  this  process  resulted  in  an  ^40-nm-deep,  465- 
nm-period  grating  with  a  duty  cycle  of  approximately  50% 
on  the  top  p-GaSb  layer  of  the  DFB  laser  material. 

The  FP  and  DFB  materials  were  processed  into  ridge 
mesa  devices,  with  mesa  widths  of  65  and  1 15  pun,  defined 
with  optical  lithography  and  wet  chemical  etching.  Insulat¬ 
ing  layers  of  Si02  were  deposited  after  the  mesas  were 
defined,  leaving  openings  on  top  of  the  ridges  to  allow  for 
electrical  contacts  to  the  devices  (Fig.  I).  In  the  case  of  DFB 
devices,  only  5- pun -wide  windows  were  opened  for  metal 
contact  along  each  top  edge  of  the  mesa  ridge.  This  left  most 
of  the  top  of  the  (wider)  DFB  mesas  without  a  metal  contact 


Fig.  2  Energy  hand  diagram  showing  single  stage  of  a  typical  IC 

laser  structure  at  operating  bias 

Active  region  (left)  shows  interband  optical  transition  and  interband 
tunnelling  transition;  injection  region  (right)  transports  electrons  to  next 
stage  of  device 


over  the  grating;  a  step  intended  to  reduce  optical  losses. 
Metal  contacts  were  then  deposited  onto  the  tops  of  the 
mesas,  as  appropriate,  and  onto  the  bottom  substrate  for 
electrical  contact.  Some  DFB  devices  were  intentionally 
fabricated  with  metaJ  contacts  covering  their  gratings  for  the 
purpose  of  performance  comparisons.  Laser  bars  were 
cleaved  into  cavities  approximately  l -mm  long,  and  both 
facets  were  left  uncoated. 

The  fabricated  lasers  were  indium-soldered  onto  a  copper 
heatsink  and  mounted  onto  the  temperature-controlled  cold 
finger  of  an  optical  cryostat.  L-I-V  and  spectral  charac¬ 
terisations  were  carried  out  using  a  liquid-nitrogen-cooled 
fnSb  detector  and  a  grating  monochromator  with  lock-in 
electronic  detection. 

3  Performance  of  Fabry-Perot  lasers 

Figure  3  shows  the  L-I-V  characteristics  of  a  1 15-purt- 
wide  by  0.96-mm-long  cavity  length  M2  FP  device.  This 
device  had  the  entire  top  of  the  mesa  contacted  with  a  0,3- 
fxm-thick  Au  contact  layer.  The  threshold  currents  at 


Fig.  3  CW  L-I-V  characteristics  of  a  115-pm  x  0.96 -pm  M2 
FP  device  at  heatsink  temperatures  of  40  and  60  K 

Device  dues  not  have  a  grating  structure,  and  the  top  mesa  is  covered  vs  ith  a 
thick  Au  contact 
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heatsink  temperatures  of  40  and  60  K  are  40  and  80  mA, 
respectively  (corresponding  to  current  densities  of  36,2 
•  A/cm2  and  72.4  A/cm2,  respectively).  The  output  power  is 
very  low:  at  100  mA  of  CW  injection  current  at  60  K,  the 
measured  power  from  a  single  facet  is  below  0. 1  mW.  The 
device  slope  efficiencies  at  40  and  60  K  are  also  low. 

For  comparison  purposes.  Fig.  4  shows  the  L-I-V 
characteristics  of  a  65-|xm-wide  by  0.98-mm-long  cavity 
length  FP  IC  laser,  fabricated  from  a  laser  structure  that 
included  an  upper  cladding  region.  The  Fig.  4  device  is  the 
one  described  in  [3]  (referred  to  below  as  M 1)  and  has  active 
and  injection  regions  that  are  nominally  identical  to  those  of 
the  M2  FP  device.  The  differences  lie  above  the  active/ 
injection  regions:  in  the  Ml  device,  an  upper  cladding 
region  separates  the  laser  core  from  the  top  metal  contact, 
whereas  in  the  M2  device  the  optical  mode  is  confined 
between  the  lower  cladding  and  the  metal  contact  and/ 
or  air,  depending  on  how  the  mesa  top  is  contacted.  The 
Ml  characteristics  show  a  threshold  current  density  of 
13.2  A/cm2  and  an  initial  slope  efficiency  of  0.65  W/A  at  a 
heatsink  temperature  of  80  K.  The  initial  slope  efficiency 
corresponds  to  a  differential  external  quantum  efficiency  of 
~-350%  (approximately  19%  differential  efficiency  per 
stage)  when  the  output  from  both  facets  is  assumed  to  lie 
equal.  At  100  mA  of  CW  current,  the  output  power 
measured  from  a  single  facet  was  57 mW.  The  I-V 
characteristics  of  Ml  exhibit  a  high  resistance  below 
threshold  and  an  abrupt  decrease  in  differential  resistance 
at  threshold,  with  the  decrease  occurring  at  6.95  V.  Based  on 
the  observed  80  K  laser  emission  at  3.315  (xm  (373.9  meV) 
and  the  presence  of  18  cascaded  stages,  this  corresponds  to  a 
voltage  efficiency  of  96%.  By  comparison,  the  output  power 
and  slope  efficiencies  of  the  M2  FP  device  are  greatly 
reduced.  It  is  clear  that  this  reduction  in  M2's  performance 
relative  to  Ml  is  not  due  to  the  active/injection  region 
designs,  but  is  instead  related  to  the  waveguide  structure 
and/or  to  the  quality  of  the  electrical  contacts  made  to  the 
core  region.  In  the  M2  FP  design,  the  optical  mode  is  larger 
at  the  top  metal  contact  than  in  the  Ml  device.  Conse¬ 
quently,  optical  losses  were  expected  to  be  larger  in  the  M2 
FP  and  DFB  devices.  Because  of  this,  the  p-GaSb  separate- 
confinement/contact  layer  was  doped  with  Be  at  a  relatively 
low  level  of  5-6  x  1017  cm  \  This  doping  level  was  chosen 
as  a  compromise  between  the  simultaneous  requirements  of 
high  electrical  conductivity  in  the  layer  and  low  free-carrier 
losses.  Despite  the  generally  inferior  characteristics  of  the 
M2  device  relative  to  the  Ml  device,  the  M2  device  still  has 
a  reasonably  good  diode  characteristic,  showing  a  high 
initial  resistance  to  current  flow  and  a  rapid  drop  in 
resistance  above  approximately  7  V. 


current  mA 


Fig.  4  CW  L  1-V  characteristics  of  the  65 -pm  x  0.98 -pm  FP 
device  of  [3 f  at  a  heatsink  temperature  of  80  K 


4  Performance  of  DFB  lasers 

L-l-V  characteristics  of  the  DFB  laser  structure 
processed  with  the  M2  grating  material  and  with  metal 
contacts  along  only  the  top  edges  of  the  mesa  are  shown 
in  Fig.  5.  The  laser  exhibited  a  threshold  current  of 
~  165  mA  in  the  pulsed  mode  at  60  K.  Note  that  the  I-V 
characteristics  do  not  show  the  high  resistance  at  low 
current  that  was  observed  for  the  M2  FP  device  (Fig.  3) 
whose  mesa  was  covered  with  a  thick  Au  contact.  To 
determine  whether  this  might  be  related  to  the  relatively 
low  doping  in  the  Be-doped  contact  layer,  another  DFB 
device  was  fabricated  from  the  same  M2  DFB  material, 
but  a  100-A-thick  Au  contact  was  deposited  over  the 
entire  top  of  the  grating  structure  (electrically  connecting 
the  thicker  Au  edge  contacts).  The  L-I-V  characteristics 
of  this  device  are  shown  in  Fig.  6,  and  the  data  shows 
significantly  improved  I-V  characteristics  with  a  high 
initial  resistance  and  improved  forward  bias  diode 
characteristics.  Additionally,  the  device  exhibited  a 
lower  threshold  current  of  ^10  mA  at  80  K,  correspond¬ 
ing  to  a  threshold  current  density  of  ~27A/crrr.  This 
threshold  current  density  compares  favourably  with  the 
threshold  current  density  of  72  A/cm2  at  60  K  of  the 
device  shown  in  Fig.  5,  presumably  due  to  the  thinner 
gold  contact  layer  resulting  in  a  lower  optical  loss  and 
reduced  spreading  resistance  in  the  top  GaSb  layer.  Note, 
however,  that  this  same  device  did  not  emit  in  a  single 
longitudinal  mode  but  exhibited  FP  emission 
characteristics. 

Lasing  spectra  acquired  under  pulsed  conditions  are 
shown  in  Fig.  7  for  the  DFB  laser  device  shown  in  Fig.  5. 
The  lasing  spectrum  exhibits  a  single  longitudinal  mode 
near  3.142  fxm  at  60  K.  When  the  device  is  processed  with 
the  grating- free  laser  material  in  a  FP  geometry,  it  exhibits  a 
FP  lasing  spectra  centred  near  a  wavelength  of  3.30  jxm 
(multimode  spectra  at  right-hand  side  of  Fig.  7).  The 
separation  between  these  lasing  energies  is  nearly  !9meV; 
an  energy  comparable  to  the  width  of  the  device’s 
spontaneous-emission  spectrum.  This  difference  could  be 
explained  if  our  estimate  of  the  modal  index  in  the  DFB 
material  were  ~5%  larger  than  its  actual  value.  This  would 
also  be  consistent  with  the  high  threshold  current  density 
seen  in  Fig.  5.  Note  also  that  the  cavity  length  for  the  DFB 
laser  is  half  that  of  the  FP  device.  Thus,  the  longitudinal 
mode  spacing  in  the  DFB  device  would  be  twice  the  spacing 


Fig.  5  L-I  -V  characteristics  of  an  edge-contacted,  11 5- pan- 
wide  by  0.54-mm-long  mesa  DFB  laser 

Data  were  acquired  under  pulsed  conditions  using  a  1-p.s  pulse  width  and  a 
1 0  kHz  repetition  rate  at  a  heatsink  temperature  of  60  K 
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current,  mA 


Fig.  6  l-l-  V  characteristics  of  an  edge -contacted,  35-pjn-wide 
by  1.04-mm-long  mesa  DFB  laser  acquired  under  pulsed 
conditions  using  a  I -pus  pulse  width  and  a  I  Ok  Hz  repetition  rate 
at  a  heatsink  temperature  of  SO  K 
Top  of  grating  is  covered  with  an  80-A-ihick  Au  contact 


energy,  meV 


3.12  3.13  314  3.15  3.16  3.17 


wavelength,  pm 

Fig.  8  High-resolution  emission  spectrum  of  the  DFB  device 
described  in  Fig,  5  under  pulsed  conditions  at  70  K 

Vertical  scale  is  logarithmic  showing  side-mode  suppression  exceeding 
30 dB  at  1 90  m A  injection  current.  The  spectra  were  acquired  using  1-p.s 
pulses  at  a  10 kHz  repetition  rate 


of  the  cavity  modes  shown  in  Fig.  7  for  ihe  FP  device. 
Consequently,  the  DFB  lasing  spectra  clearly  consists  of  a 
single  longitudinal  mode.  However,  because  the  processed 
mesa  widths  are  rather  broad  (>65pm),  all  the  lasers 
investigated  here  probably  emitted  several  lateral  modes. 

Higher  resolution  lasing  spectra  are  shown  in  Fig.  8. 
At  a  temperature  of  70  K  and  a  pulsed  injection  current 
of  190  mA,  the  DFB  laser  exhibits  a  side-mode  suppres¬ 
sion  ratio  in  excess  of  30 dB.  At  200  mA  injection 
current,  the  emergence  of  another  mode  can  be  seen  near 
3.122|xm.  Note  that  the  vertical  axis  is  logarithmic. 
Figure  9 a  shows  spectra  acquired  under  pulsed  conditions 
at  temperatures  ranging  from  50  to  80  K.  The  DFB  lasing 
wavelength  is  plotted  as  a  function  of  temperature  in 
Fig.  9 h.  The  laser  exhibits  a  temperature  tuning  rate  of 
0.1  nm/K,  which  is  consistent  with  expectations  based  on 
the  variation  of  the  refractive  index  of  Ill-V  materials 
with  temperature. 


- - - - - t"  - - - 1 - i - | - - - 1 - i - 1 - « - ' - « - 1 - i - i - i - 1 - 

3.12  3.16  3,20  3.24  3  28  3.32 


wavelength,  pm 

Fig.  7  Emission  spectra  of  the  DFB  Single  longitudinal  mode 
emission  at  60  K  (left)  from  edge -contacted  DFB  laser  device 
described  in  Fig.  5  and  multimode  emission  is  observed  from  FP 
device  fabricated  from  the  same  M2  laser  material  (right)  at  80  K 
Both  spectra  were  acquired  using  a  I-ps  pulse  width  and  a  10  kHz 
repetition  rate 

(i)  Singlc-longicudinal-modc  DFB  operation,  l  I5gmx  0.54  mm  mesa, 
T  -  60  K,  /  =  175  mA 

(ii)  65  fim  x  1 .01  mesa,  Fabry-Pcrot  laser,  T  =  80  K,  /  =  60  mA 


At  higher  pulsed-current  levels,  the  DFB  laser  exhibits 
linewidth  broadening.  Several  lasing  spectra  at  high  pulsed- 
current  levels  are  shown  in  Fig.  10.  Note  the  significant 
broadening  of  the  laser  linewidth  at  higher  current  levels. 
The  broadening  is  attributed  to  heating  during  the  current 
pulse  as  well  as  the  influence  of  the  higher  order  lateral 
modes  at  higher  injection -current  levels. 

energy,  meV 
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Fig.  9  Emission  characteristics  of  DFB  device  described  in  Fig.  5 
a  High -resolution  emission  spectrun  under  pulsed  conditions  between  50  K 
and  80  K 

b  Emission  wavelength  against  heatsink,  temperature  between  50  K  and 
80  K 


!EE  Proe.  -Optoelectron.,  Voi  150.  No.  4.  August  2003 


291 


energy,  meV 

396.0  395.5  395.0  394.5  394.0  393  5 

10^1 - 1 - 1 - i — ; - . - 


wavelength,  pm 

Fig.  10  High  -resolution  emission  spectra  of  the  DFB  device 
described  in  Fig.  5  under  pulsed  conditions  at  50  K  and  injection 
currents  of  174,  200  and  225  mA 

Effects  of  heating  during  the  pulse  and  multiple  lateral  modes  arc  evident 

5  Summary  and  conclusions 

We  have  described  the  fabrication  and  performance 
characteristics  of  the  first  DFB  IC  laser.  The  laser  exhibits 
single-longitudinal  mode  operation  in  pulsed  mode  between 
50  and  80  K ,  emitting  near  3. 144  pan  at  60  K.  Results  show 
that  improved  performance  can  be  expected  from  designs 
with  a  slightly  larger  (~  4-5%)  grating  period  and  a  more 
heavily  p-doped  GaSb  contact  layer.  The  larger  period  will 


provide  feedback  closer  to  the  M2  material’s  gain  peak,  and 
the  improved  top  GaSb  layer  conductivity  will  allow  for  a 
reduced  spreading  resistance  and  eliminate  the  need  for 
covering  the  grating  with  Au  to  achieve  improved  I-V 
characteristics.  This  should  significantly  reduce  optical 
losses,  and  improve  device  output  power,  slope  efficiency 
and  temperature  performance. 
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Island  coalescence  during  Volmer- Weber  thin  film  growth  is  generally  accepted  to  be  a  source  of 
tensile  stress.  However,  the  stochastic  nature  of  unpattemed  film  nucleation  and  growth  prevents 
meaningful  comparison  of  stress  measurements  taken  during  growth  to  that  predicted  by  theoretical 
models.  We  have  overcome  this  by  systematically  controlling  island  geometry  using  selective 
growth  of  Ni  films  on  patterned  substrates  via  electxodeposition.  It  was  determined  that  the 
measured  power-law  dependence  of  mean  stress  on  island  size  agreed  well  with  theory.  However, 
our  data  clearly  demonstrates  that  the  majority  of  the  tensile  stress  associated  with  coalescence 
actually  occurred  after  the  initial  contact  of  neighboring  islands  as  the  film  planarizes  with 
additional  deposition.  ©  2005  American  Institute  of  Physics.  [DOI:  10.1063/1.1870109] 

I.  INTRODUCTION 

The  effective  mechanical  properties  of  a  material  are 
highly  dependent  upon  the  residual  stress  state  introduced 
during  fabrication.  This  is  particularly  true  for  thin  films 
where  the  residual  stress  can  be  a  significant  portion  of  the 
yield  strength.  Unfortunately,  the  evolution  of  intrinsic  stress 
during  deposition  of  Volmer-Weber  thin  films  is  quite  com¬ 
plex  and  still  highly  debated.1^3  The  only  region  where  there 
is  a  consensus  as  to  the  mechanism  is  during  island  coales¬ 
cence,  where  tensile  stresses  have  been  observed  to  exceed 
one  gigapascal.4  Conceptually,  tensile  stress  is  generated 
when  adjacent  islands  initially  touch  one  another,  and  then 
elastically  deform  to  contact  over  a  finite  area  in  order  to 
reduce  the  overall  surface  energy.  Existing  theoretical  mod¬ 
els  for  coalescence  stress  all  determine  the  mean  tensile 
stress  in  mechanical  equilibrium,  as  a  function  of  island  size 
and  geometry  at  the  moment  of  coalescence.1,4  8  However, 
computational  necessity  requires  use  of  highly  simplified  is¬ 
land  geometries  with  uniform  sizes  and  simultaneous  coales¬ 
cence.  In  real  films,  coalescence  events  are  stochastically  dis¬ 
tributed  in  time  and  occur  among  islands  with  a  broad  range 
of  sizes  and  shapes.  Furthermore,  multiple  mechanisms  for 
stress  generation  can  be  operating  at  the  same  time.  As  a 
result,  it  is  not  possible  to  quantitatively  equate  theoretical 
predictions  tor  the  tensile  coalescence  stress  with  existing 
measurements  in  stochastically  nucleated  films  and  a  mean¬ 
ingful  comparison  is  only  obtainable  when  island  geometries 
are  systematically  controlled. 

We  obtain  both  the  functional  dependence  of  mean  ten¬ 
sile  stress  on  island  radius,  and  the  absolute  magnitude  of  the 
stress,  by  measuring  stress  changes  during  electxodeposition 
of  Ni  islands  where  the  coalescence  process  was  constrained 
via  lithographically-defined  island  nucleation  sites  and 
selective-area  growth  (Fig.  1).  We  demonstrate  that  the  ex¬ 
perimentally  measured  coalescence  stress  is  in  good  agree¬ 
ment  with  the  predictions  from  the  Hertzian  contact  model  of 
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Freund  and  Chason7  and  with  two-dimensional  finite  element 
(FE)  analysis.  We  have  also  determined  that  the  initial  coa¬ 
lescence  stress  was  the  minority  component  of  the  total  stress 
created  during  die  coalescence  and  planarization  of  the  film. 
This  determination  lays  the  groundwork  for  future  analysis 
of  the  postcontact  stress  generation  process,  which  is  consid¬ 
erably  more  complex  (and  beyond  the  scope  of  this  paper). 


FIG.  1.  (a)  Schematic  of  an  idealized  cylindrical  structure,  (b)  ion  channel¬ 
ing  focused  ion  beam  (ICFIB)  cross-section  image  of  actual  structure  prior 
to  coalescence,  and  (c)  ICFIB  image  of  the  actual  structure  after  coales 
cence.  Note,  the  islands  were  coated  after  electrodeposition  with  Pt  tor 
processing  in  the  FIB. 
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II.  EXPERIMENTAL  TECHNIQUES 

Motivated  by  recent  models  for  coalescence  stress  by 
Freund  and  Chason7  and  by  Nix  and  Clemens,6  we  chose  to 
experimentally  evaluate  the  “two-dimensional”  coalescence 
geometry,  where  the  islands  were  idealized  as  an  array  of 
parallel  half- cylinders,  as  shown  in  Fig.  1(a).  In  order  to 
accomplish  this,  periodic  trench  arrays  were  patterned  into  a 
photoresist  layer  to  expose  a  1500  A  thick  Au  nucleation 
layer.  This  Au  film  was  grown  on  a  Ti  adhesion  layer  on  a 
thermally  oxidized  Si  (001)  substrate.  Island  size  was  con¬ 
trolled  by  varying  the  spacing  of  the  trenches,  while  keeping 
the  nominal  trench  pitch-to-width  ratio  (dpilch /^trench) =2. 65. 
The  effective  cylinder  radii,  R ,  ranged  from  0.3  yum  to 
26  /xm.  Ni  films  were  potentiostatically  electroplated  from 
an  additive-free  Ni-sulfamate  bath  at  40  °C.  Prior  to  elec- 
trodeposition  of  the  coalescence  samples,  the  bath  was  con¬ 
ditioned  at  10  mA/cm2  for  4  h  to  remove  trace  ionic  con¬ 
taminants  such  as  Fe  and  Co.  Additionally,  ultrahigh  purity 
N2  was  bubbled  through  the  bath  for  a  minimum  of  24  h, 
which  increased  run-to-run  reproducibility.  The  plating  effi¬ 
ciency  was  determined  by  comparing  the  Faradic  current  to 
thicknesses  measured  using  Rutherford  backscattering  spec¬ 
trometry.  During  deposition,  the  substrate  curvature  induced 
by  thin- film  stress  was  measured  using  laser  deflectometry,3 
with  the  wafer  clamped  in  a  cantilever  configuration.  Be¬ 
cause  film  thicknesses  were  often  an  appreciable  fraction  of 
the  substrate  thickness,  the  usual  Stoney’s  equation  did  not 
hold,  and  the  following  relation  for  curvature  {k)  was  used:9 

_  6 hjO  [ _ 1  +// _ 1 

K~  h)  1  +HY(4+(>H  +  4H1)  +  H4Y1\'  1 

where  H  is  the  ratio  of  the  film  thickness  (hj),  to  the  sub¬ 
strate  thickness  (hs)y  a  is  the  mean  film  stress,  and  Y  is  the 
ratio  of  the  film  modulus  to  the  substrate  modulus.  Young’s 
modulus  was  used  rather  than  the  biaxial  modulus  due  to  the 
uniaxial  loading  geometry  used  here. 


FIG.  2.  Stress-thickness  vs  time  plot  for  a  4.2  /im  radius  coalescence 
sample  showing  a  measured  change  in  stress'thiekness  during  coalescence 
of  96  GPa  A. 

coalescence  there  must  be  a  corresponding  maximum  in  the 
plating  current  at  the  same  moment.  To  quantify  this  we  de¬ 
veloped  a  geometric  model  that  predicts  the  evolution  of  the 
surface  area  and  in  turn,  the  deposition  current  of  a  cylindri¬ 
cal  geometry  as  shown  in  Fig.  3.  Prior  to  coalescence,  the 
surface  is  given  by  the  sum  of  two  quarter  cylinders  and  the 
trench  that  grow  radially  outwards  due  to  the  growth  direc¬ 
tion  being  normal  to  the  growth  surface  during  electrodepo¬ 
sition  [Fig.  3(a)],  This  results  in  the  total  current  (/lol)  of  the 
wafer  prior  to  coalescence  being 

dr  dq 

4ot  =  t  Trr+wu)——n[[ws,  (2) 

where,  r  is  the  island  radius,  %  is  the  number  of  trench 
across  the  samples,  ws  width  of  the  sample,  vvlr  width  of  the 
trench,  dr/dt  is  the  deposition  rate,  and  dq/JV  is  the  plating 
efficiency  measured  to  be  3.7  X  107  mC/cm-1  from  RBS 


III.  RESULTS 

Figures  1(b)  and  1(c)  demonstrate  the  selective  lateral 
growth  that  can  be  obtained  using  electrodeposition.  At  coa¬ 
lescence,  the  islands  were  not  true  half-cylinders,  as  shown 
in  Figs.  1(b)  and  1(c),  and  we  will  account  for  this  in  our 
analysis.  Figure  2  shows  the  measured  evolution  of  “stress- 
thickness,”  erhp  calculated  from  curvature  using  Eq.  (1).  In 
the  figure,  Ni  was  elec  trod  eposi  ted  into  an  array  of  trenches 
that  yielded  nominally  4.2  /nm  radius  cylinders  [with  the  ra¬ 
dius  as  defined  in  Fig.  1(b)].  The  first  rise  in  the  tensile  stress 
was  the  result  of  random  Ni  nucleation  and  coalescence 
within  the  trenches  themselves  to  form  the  Ni  lines.  The 
second  tensile  rise  was  due  to  the  coalescence  of  adjacent 
cylindrical  islands,  and  was  the  stress  change  that  we  ana¬ 
lyzed.  In  order  to  do  this,  we  found  it  necessary  to  differen¬ 
tiate  between  the  stress  created  during  the  initial  coalescence 
event  and  the  subsequent  stress  created  as  the  film  evolved 
from  cylinders  towards  a  planar  surface. 

During  potentiostatic  deposition  plating  current  is  lin¬ 
early  proportional  to  the  surface  area.  Therefore,  since  the 
surface  roughness  of  a  film  is  maximum  at  the  moment  of 
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FIG.  3.  Idealized  cross-sectional  geometry  used  in  current  evolution  model, 
(a)  prior  to  coalescence,  (b)  postcoalescence. 
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FIG.  4.  Overlay  of  current  predicted  from  geometric  model  (dashed  line) 
with  the  current  measured  during  deposition  (solid  line). 


thickness  measurement  of  unpatterned  films.  After  contact, 
the  islands  asymptotically  approached  a  planar  surface  due  to 
the  overlapping  of  die  cylinder  [Fig.  3(b)]  with  the  total  cur¬ 
rent  being  equal  to 


2 r  arcs in 


R 


dr  dq 
dt  dVr 


(3) 


where  R  is  the  radius  of  the  islands  when  they  coalesced. 

Fi  gure  4  is  an  overlay  of  the  predicted  (dashed  line)  and 
measured  (solid  line)  currents  for  a  single  representative  ex¬ 
periment.  The  only  fitting  parameter  was  the  position  of  the 
maximum  current,  which  was  required  because  the  plating 
rate  is  larger  than  the  steady-state  value  during  the  formation 
of  the  diffusion  zone.  This  initial  increase  in  the  deposition 
rate  causes  the  peak  to  occur  earlier  than  was  predicted  by  a 
constant  deposition  rate.  In  comparing,  the  modeled  and 
measured  current  two  main  features  are  apparent,  rounding 
of  the  measured  peak  current  and  a  higher  asymptotic  cur¬ 
rent.  Rounding  of  the  peak  in  the  measured  current  was 
likely  the  results  of  variation  in  the  thickness  of  the  photo¬ 
resist,  variation  in  the  trench  width  across  the  samples,  and 
surface  roughness,  where  as  the  difference  between  the  mea¬ 
sured  and  predicted  asymptotic  currents  is  likely  the  result  of 
the  increased  surface  area  due  to  surface  roughness.  For  the 
sample  used  in  Fig.  4  the  difference  between  the  asymptotic 
currents  was  ~12%,  where  as  AFM  measurements  of  the 
surface  indicated  the  surface  area  was  ~6%  larger  than  a 
planar  film,  which  is  reasonable  considering  the  reduction  in 
the  measured  surface  roughness  due  to  the  finite  radius  of 
curvature  of  the  AFM  tip. 


IV.  DISCUSSION 

Figure  4  demonstrates  that  the  moment  of  initial  coales¬ 
cence  corresponds  to  the  maximum  surface  area  of  the  film. 
Therefore,  the  change  in  stress- thickness  due  to  the  initial 
coalescence  of  the  islands  was  determined  as  the  deviation  in 
stress- thickness  from  the  background  level  to  the  point  of 
maximum  current,  as  shown  in  Fig.  2.  The  remainder  of  the 
tensile  rise  was  the  result  of  continual  coalescence  of  the 
islands  during  subsequent  deposition  and  planarization.  Our 
data  demonstrates  that  the  majority  of  the  tensile  stress  was 
actually  the  result  of  postcontact  coalescence  processes. 
Similar  behavior  has  been  observed  during  chemical  vapor 
deposition  of  unpatterned  diamond  films  and  was  attributed 
to  the  continual  coalescence  of  faceted  grains.10  Our  results 


FIG.  5.  RMS  roughness  surface  roughness  of  planar  films  measured  using 
ex  situ  AFM.  The  %  RMS  roughness  decreased  significantly  and  stabilized 
at  ~  1  micron  of  thickness. 


support  the  generality  of  that  observation.  The  detailed  un¬ 
derstanding  of  continual  coalescence  requires  significant  ad¬ 
ditional  experimentation  and  analysis,  which  will  be  reported 
in  future  work. 

Figure  5  summarizes  our  results  for  the  measured  stress 
associated  with  initial  coalescence  as  a  function  of  the  island 
contact  radius.  This  volume-average  stress  was  obtained  by 
dividing  the  total  change  in  stress-thickness  due  to  coales¬ 
cence,  as  defined  above  and  in  Fig,  2,  by  the  mean  thickness 
determined  from  the  plating  current.  11  On  a  log-log  plot  the 
data  exhibits  a  roughly  linear  increase  in  mean  stress  with 
decreasing  island  radius.  There  is  some  negative  deviation 
from  linear  behavior  at  smaller  radii,  which  was  typically 
associated  with  depositions  where  the  very  poor  signal-to- 
noise  ratio  created  unacceptably  large  error  in  the  measured 
stress.  Additionally,  AFM  measurements  indicate  that  the 
relcitive  roughness  on  surfaces  of  the  half-cylinders  was  sig¬ 
nificantly  larger  for  cylinder  radii  below  1  ^m  (Fig.  6).  Sur¬ 
face  roughness  decreases  the  contact  area  between  islands, 
which  reduces  the  measured  stress.  Therefore,  in  the  follow- 


F1G.  6.  Plot  of  measured,  FC,  and  FE  calculated  island  coalescence  stress  as 
a  function  of  radius.  Both  models  assume  perfect  cylinders  coalescing  and 
therefore  should  overestimate  the  coalescence  stress. 
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ing  analysis  we  shall  only  consider  samples  with  radii  larger 
than  I  /im  for  quantitative  comparison  with  the  analytical 
and  FE  models. 

The  Freund  and  Chason  model  (FC)  (Ref.  7)  uses  Hert¬ 
zian  contact  theory  to  determine  the  volume  average  stress 
(cravg)  created  within  the  islands  as  a  function  of  the  initial 
coalescence  geometry  of  the  island,  e.g.,  blocks,  cylinders,  or 
hemispheres.  Our  experiments  used  cylinders  with  their  axes 
parallel  to  the  substrate,  whereas  FC  used  cylinders  with 
their  axis  of  symmetry  normal  to  the  substrate.  This  required 
a  slight  modification  to  the  FC  model  as  follows. 

According  to  FC  the  total  contact  force  per  unit  length 
(P)  for  the  general  case  for  cylinder  contacting  under  plane 
strain  along  their  axis  of  symmetry  is  given  by 

P  =  P(ttRE)WR)2I\  (4) 

where  p  the  normalized  contact  force  for  cylinders  and  was 
determined  by  FC  to  equal  0.3,  E  is  the  plane  strain  modulus, 
£  =  2y/7rE,  and  y  is  the  difference  between  the  surface  en¬ 
ergy  and  half  the  grain  boundary  energy,  i.e.,  the  energy  of 
the  interface  between  die  coalesced  islands.  The  volume  av¬ 
erage  stress  is  found  by  dividing  the  contact  force  per  unit 
area  by  the  mean  film  height  for  the  modified  geometry, 
which  for  a  half  cylinder  is  given  by  ttRI 4.  Therefore,  the 
volume  average  stress  for  a  cylinder  with  its  axis  parallel  to 
the  substrate  is 

<ravg=  \  =0.888£I/3f— j  .  (5) 

\ttErI 

This  volume  average  stress,  for  half  cylinders  coalescing 
with  their  axis  of  symmetry  parallel  to  the  substrate,  is  twice 
that  of  cylinders  with  their  axis  perpendicular  to  the  sub¬ 
strate.  H  owever,  the  power- 1  aw  dependence  of  the  predicted 
stress  with  island  radius  is  the  same  for  both  geometries  and 
equal  to  -2/3. 

As  shown  in  Fig.  1,  the  true  geometry  of  the  coalescing 
islands  used  in  these  experiments  was  more  complex  than  the 
idealized  analytical  model  due  to  the  additional  block  of  ma¬ 
terial  in  and  above  the  trench.  This  had  two  effects  on  the 
volume  average  stress:  First,  it  decreased  the  number  of 
boundaries  formed  per  unit  area  causing  an  overall  decrease 
in  the  magnitude  of  the  volume  average  stress.  Second,  the 
material  above  the  trench  acted  as  a  “shear-lag  zone”  that 
transmitted  the  stress  to  the  substrate,  which  acted  to  increase 
the  volume  average  stress.  2D  FE  modeling  was  used  to 
quantify  the  effect  of  the  material  in  and  above  the  trench  on 
the  functional  dependence  of  the  volume  average  stress  on 
island  radius.  The  details  of  using  FE  to  model  island  coa¬ 
lescence  have  been  presented  elsewhere.1^  Two  geometries 
were  compared  using  FE  modeling;  ideal  half  cylinders  [Fig. 
1(a)]  and  the  actual  island  structure  (Fig.  7).  We  found  no 
significant  variation  in  the  functional  dependence  of  stress  on 
island  radius  (slope  of  -0.76  to  -0.74)  as  a  result  of  the 
different  geometries  and  only  a  slight  decrease  in  the  magni¬ 
tude  of  the  stress  with  the  addition  of  the  trench  and  photo¬ 
resist.  This  result  supports  the  use  of  a  simplified  geometry 
(pure  cylinders)  in  the  FC  model.  In  calculating  the  theoret¬ 
ical  stress  shown  in  Fig.  5  no  fitting  parameters  were  used 


FIG.  7.  In-plane  stress  (crvy)  fields  in  the  full  structure  as  calculated  from  FE 
model.  Darker  color  indicates  stronger  tensile  stress, 

and  both  the  FE  and  FC  models  were  calculated  assuming 
y-  1.85  J/m2,13  and  £=200  GPa  (measured  in  our  films  us¬ 
ing  nanoindentation).  It  should  be  noted  that  both  the  FE  and 
the  analytical  models  predict  the  maximum  possible  stress 
created  during  initial  coalescence  and  any  error  in  y  or  E 
would  result  in  a  shift  in  the  magnitude  of  both  curves  and 
cannot  be  used  to  explain  the  difference  between  the  results. 
Mechanisms  such  as  incomplete  coalescence  due  to  surface 
roughness  or  localized  yielding  will  always  act  to  reduce  the 
observed  stress.  Additionally,  the  slight  difference  in  the  ex¬ 
ponents  between  the  FE  (-3/4)  and  the  Hertzian  models 
(-2/3)  was  likely  the  result  of  the  lack  of  an  exact  solution 
for  the  force  distribution  in  contacting  cylinders  used  in  the 
Hertzian  model.7'14 

Figure  5  compares  the  calculated  coalescence  stress  for 
the  FE  (dashed  line)  and  the  FC  (solid  line)  models  with  the 
experimentally  measured  initial  coalescence  stress.  In  com¬ 
paring  theory  vs  data,  we  consider  the  power-law  behavior 
and  the  absolute  stress  magnitudes  independently,  because 
the  magnitude  depends  on  materials  properties  whereas  the 
power-law  behavior  is  solely  a  function  of  geometry.  The 
observation  that  the  stress  magnitudes  of  the  measured  data 
and  FE  results  are  similar  might  appear  fortuitous,  because 
there  is  considerable  uncertainty  in  the  surface  and  grain¬ 
boundary  energies  used  in  the  models  and  because  of  poten¬ 
tial  surface  roughness  effects.  However,  since  the  observed 
stress  was  of  a  similar  magnitude  to  the  predicted  stress, 
which  is  an  upper  bound,  it  is  reasonable  to  conclude  that 
any  reduction  in  the  initial  coalescence  area  by  surface 
roughness  was  minimal.  More  definitively,  Fig.  5  shows  that 
the  power-law  behavior  predicted  by  both  the  FE  and  the  FC 
models  is  within  the  experimental  variation  of  the  measured 
coalescence  stress  versus  island  radius  for  samples  larger 
than 

1  fim  (-0.70 ±0.25).  Furthermore,  the  data  lie  outside  the 
predicted  behavior  for  both  slope  and  magnitude  for  the  ID 
and  3D  coalescence  geometries  in  the  FC  model.  Therefore, 
the  analytical  models  capture  the  dominant  physical  mecha- 
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nisnis  underlying  the  generation  of  tensile  stress  during  is¬ 
land  coalescence . 

V.  CONCLUSION 

In  conclusion,  using  lithographically  defined  nucleation 
and  selective  area  growth  via  electrodeposition,  we  have  ob¬ 
tained  the  first  meaningful  comparison  of  experimentally 
measured  stresses  due  to  island  coalescence  with  tine  stresses 
predicted  by  theory.  These  experiments  yielded  two  main 
results:  First,  the  measured  initial  coalescence  stress  had  a 
functional  behavior  similar  to  that  of  the  FC  and  FE  models 
for  coalescence  stress.  From  this  we  conclude  that  both  mod¬ 
els  correctly  account  for  all  of  tine  dominant  physical  mecha¬ 
nisms  active  during  the  initial  coalescence  of  islands.  Sec¬ 
ond,  the  majority  of  the  stress  associated  with  island 
coalescence  occurred  during  planarization  of  the  films,  not 
during  the  initial  contact  of  the  islands.  This  striking  result 
had  not  been  previously  recognized  in  unpatterned  metal 
films  due  to  the  inability  to  differentiate  the  stress  created  at 
the  initial  contact  from  that  created  during  planarization. 
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Radiation  from  a  dipole  embedded  in  a  multilayer  slab 

S.  R.  J.  Brueck,* *’*  V.  A.  Smagley,*  and  P,  G.  Eliseev 
Center  for  High  Technology  Materials,  University  of  New  Mexico,  Albuquerque,  New  Mexico  87106,  USA 
(Received  21  March  2003;  published  12  September  2003) 

An  analytical  solution  for  the  radiation  emitted  from  a  dipole  embedded  in  an  arbitrary,  planar  dielectric  film 
stack  is  presented.  The  calculation  uses  a  rigorous  Hertz-vector  formalism  to  treat  the  electromagnetic  bound¬ 
ary  conditions.  The  radiation  fields  are  then  evaluated  in  a  far-field  approximation  to  get  the  radiated  fields  far 
from  the  dipole.  Both  two-dimensional  (2D)  emission  into  bound  modes  of  the  dielectric  stack  and  three- 
dimensional  (3D)  emission  into  radiation  fields  above  and  below  the  stack  are  evaluated.  These  solutions  are 
explored  for  two  simple  cases:  a  InGaAs  slab  symmetrically  clad  with  up  to  four  high-contrast  (ALOrfGaAs) 
Bragg  mirror  pairs  and  semi-infinite  air  spaces,  and  a  similar  asymmetric  structure  with  a  GaAs  substrate  on 
one  side.  Tine  symmetric  structure  supports  both  2D  bound  and  3D  radiation  fields.  The  asymmetric  structure 
only  supports  3D  radiation  fields  since  there  are  no  strictly  bound  modes,  but  ‘“leaky”  modes  appear  that  are 
very  similar  to  the  bound  modes  in  the  symmetric  structure  except  that  the  radiated  power  ultimately  is 
transmitted  into  the  substrate  in  a  very  highly  directional  beam.  This  calculation  is  applicable  to  a  wide  range 
of  solid-state  photonic  devices,  including  vertical-cavity  and  edge -emitting  lasers,  spontaneous  light-emitting 


diodes,  and  photodetectors. 

DOI :  1 0. 1 1 03/PhysRevE.68. 036608  PACS 

I.  INTRODUCTION 

The  coupling  of  an  electric  dipole  with  electromagnetic 
fields  in  solids  is  fundamental  to  solid-state  light  emitting 
and  detecting  devices  (LEDs,  lasers,  displays,  photodetec¬ 
tors,  etc.).  In  a  uniform  infinite  medium  the  dipole  radiation 
fields  are  very  well  known.  The  study  of  these  radiation 
fields  in  the  presence  of  metallic  and  dielectric  interfaces  has 
been  a  recurring  topic  in  electromagnetism.  Sommerfeld 
[  1,21  made  seminal  contributions  to  the  solution  that  provide 
the  basis  of  the  work  presented  here.  He  was  concerned  with 
issues  of  long- wavelength  radio  wave  propagation  over  the 
surface  of  the  earth  and  addressed  the  single  interface  prob¬ 
lem  of  a  dipole  above  a  lossy  dielectric.  As  is  very  well 
known  [3,4],  the  addition  of  a  second  interface,  e.g.,  a  dipole 
embedded  within  a  dielectric  slab,  adds  significant  complex¬ 
ity  to  the  problem,  since  the  radiation  is  now  distributed 
between  three-dimensional  (3D)  radiation  out  the  sides  of  the 
slab  and  the  two-dimensional  (2D)  bound  modes  supported 
by  the  slab.  With  the  development  of  multilayer  structures 
with  very  high,  and  precisely  tailorable,  reflectivities,  such  as 
vertical-cavity  lasers,  resonant  cavity  LEDs,  and  photodetec¬ 
tors,  there  is  a  need  for  a  more  detailed  understanding  of  the 
distribution  of  the  radiation  between  these  components  and 
the  corresponding  angular  and  thickness/wavelength  depen¬ 
dencies.  Both  approximate  analytic  treatments  [5,6]  and  nu¬ 
merical  solutions  [7]  have  appeared  in  the  literature.  Re¬ 
cently,  two  equivalent  detailed  analytical  treatments  for  the 
simple  slab  case  have  been  reported  [4,8].  Both  of  these 
treatments  presented  fully  analytic  results  for  die  radiation 
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into  both  the  2D  bound  modes  and  the  3D  radiation  modes 
and  investigated  in  detail  the  dependence  on  dielectric  con¬ 
trast  and  slab  thickness. 

The  purpose  of  this  paper  is  to  extend  these  results  [4J  to 
arbitrary  multilayer  dielectric  structures  and  to  investigate  in 
particular  the  impact  of  high-reflectivity  Bragg  mirrors  on 
the  dipole  radiation.  The  analysis  is  extended  to  asymmetric 
cases,  including  mode-free  cases  that  support  “leaky”  modes 
that  are  not  bound  in  the  strict  sense,  but  rather  build  up 
significant  intensity  within  the  multilayer  structure  and  ulti¬ 
mately  radiate  their  power  into  3D  radiation  within  the  sub¬ 
strate. 

Section  II  presents  the  Hertz  vector  formulation  and  intro¬ 
duces  a  significant  algebraic  simplification  by  introducing 
both  electric  and  magnetic  Hertz  vectors.  Section  III  presents 
the  closed  form  analytic  results  for  arbitrary  multilayer  struc¬ 
tures.  Detailed  investigation  of  the  results  for  a  symmetric 
structure  with  high-reflectivity  Bragg  reflectors  is  presented 
in  Sec.  IV  A.  A  related  asymmetric  structure  with  a  high- 
index  substrate  is  analyzed  in  Sec.  IV  B.  Finally,  conclusions 
are  presented  in  Sec.  V. 


II.  HERTZ  VECTOR  FORMULATION 
A.  Geometry  of  the  problem 

The  geometry  of  the  problem  is  shown  in  Fig.  1.  A  dipole 
is  embedded  in  an  arbitrary  film  stack  taken  as  infinite  in  the 
(jr,y)  directions.  The  z  direction  is  perpendicular  to  the 
films.  The  dipole  is  oriented  at  an  angle  6j  from  the  z  direc¬ 
tion  in  the  U,z)  plane.  The  layer  stacks  above  and  below  the 
dipole  have  arbitrary  numbers  of  layers  with  arbitrary  rela¬ 
tive  dielectric  constants  (/c,-=nf)  and  thicknesses  ( L ,-).  The 
total  physical  thicknesses  of  the  top  and  bottom  cladding 
layers  from  the  position  of  the  dipole  to  the  edge  of  the 
outermost  layer  are  Lt_lol  and  Lb_(0[ .  For  the  sample  calcu¬ 
lations  presented  below,  the  inner  cladding  layers  (shaded) 
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FIG.  I  Geometry  of  the  problem.  A  radiating  dipole  oriented  at 
an  angle  6j  in  the  (j:,z)  plane  is  embedded  in  the  center  of  a  infinite 
slab  of  material  of  relative  dielectric  constant  k0  and  thickness  L0. 
The  slab  is  bound  with  arbitrary  film  stacks  ending  in  top  and  bot¬ 
tom  semi-infinite  media  of  relative  dielectric  constant  Kt  and  Kb . 
For  the  example  calculations,  the  shaded  inner  cladding  thicknesses 
L  are  identical  and  variable.  The  total  physical  thicknesses  of  the 
upper  and  lower  claddings  from  the  position  of  the  dipole  to  the 
edge  of  the  semi-in  finite  media  are  indicated  by  Lmo1  and  Lb.lQl . 

have  identical  dielectric  constants,  k{\  ~  Kf?i  =  K  =  nly  and  an 
equal  thickness,  Ln-  Lbi  =  L  that  is  varied  in  the  calcula¬ 
tion.  The  thickness  of  the  layer  containing  the  dipole  is  de¬ 
noted  as  L0 . 


B.  Hertz  vector  formalism 

In  our  previous  paper  [4]  we  used  the  Hertz  vector  for¬ 
malism  introduced  by  Sommerfeld  [1]  to  evaluate  the  radia¬ 
tion  from  a  simple  dielectric  slab  structure.  Lukosz  [9,10] 
has  developed  an  alternate  formulation  of  the  Hertz  vector 
source  terms  that  has  the  significant  advantage  that  the 
boundary  conditions  are  uncoupled  for  the  TE  and  TM  radia¬ 
tion  from  a  horizontal  dipole.  This  dramatically  simplifies 
the  algebra  of  the  calculation;  the  final  results  are  identical. 
Lukosz’ s  formulation  is  briefly  described  here  and  is  fol¬ 
lowed  in  the  evaluations  of  the  radiated  power. 

Lukosz  [9,10]  has  shown  that  the  electromagnetic  field  for 
any  orientation  of  the  dipole  can  be  represented  by  two  scalar 
functions.  c/>(x)  and  which  are  the  z  components  (per¬ 

pendicular  to  the  layers)  of  an  electric  and  a  magnetic  Hertz 
vector,  respectively, 


ri(W)U)=(o,o,«/Ki)).  (i) 


where  eg  is  the  free-space  permittivity,  K,  =  nf  is  the  relative 
dielectric  permittivity  of  the  medium,  and  k0  —  (ofc  is  the 
magnitude  of  the  free-space  photon  wave  vector.  The  fields 
are  given  by 

E(x)  =  iioVX  n(W>(jc )  +  ( *e0)  1 V  X  V  X  n(tl(jf) . 

H\x)=-imVX n(E\x)  +  (n0)  lVxVxniH\x).  (3) 

where  e0  and  fiQ  are  the  free-space  values  of  the  electric  and 
magnetic  permeabilities,  respectively. 

From  Eqs.  (1)  and  (3)  it  is  straightforward  to  show  that 
4>(x)  corresponds  to  a  TM  wave  and  ip(x)  describes  a  TE 
wave;  since  these  are  orthogonal  there  is  no  coupling  be¬ 
tween  them.  In  the  Sommerfeld  basis  [1],  there  is  only  an 
electric  Hertz  vector  with  components  both  in  the  z  direction 
and  in  the  x  direction;  the  boundary  conditions  at  interfaces 
are  coupled  which  algebraically  complicates  the  general  so¬ 
lution  for  an  arbitrary  film  stack. 

C.  Expansion  of  the  dipole  field  into  TE  and  TM  plane  waves 

To  begin  the  calculation,  it  is  necessary  to  express  the 
field  of  a  dipole,  located  at  the  origin  in  an  infinite  medium, 
in  a  superposition  of  TE  and  TM  plane  waves.  Then  the 
boundary  value  problem  for  each  independent  plane  wave 
can  be  directly  solved  by  standard  thin-film  electromagnetic 
methods;  finally  the  results  are  transformed  back  to  real 
space  using  the  techniques  developed  by  Sommerfeld 
[1.2.11], 

The  infinite-medium  real-space  electric-Hertz  vector  cor¬ 
responding  to  a  dipole  is  simply 

ein,k$r 

TT(x)= p0  —  (sin  edex+  cos  6dez),  (4) 

‘-r  Tit/  Q  K  j  f 

where  p0  is  the  dipole  moment,  (ex>eY)  are  unit  vectors  in 
the  corresponding  directions.  The  total  radiated  power  for 
this  dipole  in  an  infinite  medium  is  given  by  the  well-known 
result  [12] 


P 


ial' 


kt  Re(»;)|p0|2 

12iT?70e5 


(5) 


where  i)q=  \JJiq / £q.  In  the  following,  radiated  powers  are 
shown  normalized  to  this  value.  The  corresponding  Fourier 
transform  of  the  infinite-medium  Hertz  vector  is 


nif)(^)=  -^77  T7T" - (sin  0/,+cos  ede.) 

SoKiko  K  ~k, 

=  <t>  ( K)  ( si n .  0d ex  +  cos  6(Je , ) ,  (6) 


Both  scalar  functions  satisfy  the  homogeneous  Hemholtz 
equation  in  source-free  regions,  viz., 

( V 2  -  Kte0kl)4>(x)  =  ( V2  -  KiB0kl) <p(x)  =  0,  (2) 


where  k0K  is  the  transform  coordinate.  This  expression  can 
be  put  in  a  more  suitable  form  for  the  planar  geometry  of  the 
problem  by  carrying  out  the  inverse  transform  in  the  z  direc¬ 
tion  and  expressing  the  remaining  integrals  in  cylindrical  co¬ 
ordinates, 
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<t>(p,z)=—  T—  e-^J0(kp)\dk 

*i  Jo  7i 

=  P~r  —e  ^H'0(kp)\d\,  (7) 

Z*  K  j  J  -  oo  Ji 

where  k0\  is  the  radial  transform  coordinate  [\2  =  £2+?72 
with  k of  (/cq7/)  the  x()0  directed  transform  coordinate],  p 
~k0p  and  z~kQz  are  the  dimensionless  radial  and  vertical 
spatial  coordinates,  and 

7,  =  - >  -  m, ,  (8) 

k— 0 


It  is  a  standard  multiple-interface  thin-film  matrix-analysis 
problem  to  solve  for  the  Hertz  potential  everywhere.  The 
result  is 


r  —  H'0(\p)\d\ 

2k\  ■>  --“To 


yuL°Rpb(  1  +  e  y«LllRp) 


+  ■ 


\-e  2y"LoRpbRp 

e  y°L°Rp(\+e~y°2oRpb) 
1  —  e  2y«LoRpRp 


Vo- 


e  70-  4.  e  XoRl 


(10 


where  the  sign  of  the  square  root  is  chosen  to  ensure 
Re(^)>0  for  convergence  of  Eq.  (7).  J0  is  the  zeroth-order 
Bessel  function  and  H\  is  the  Hankel  function  of  the  first 
kind  of  zeroth  order.  The  second  form  of  this  expression  will 
be  useful  forevaluation  of  the  complex  integrations  since  the 
integration  extends  along  the  entire  \  axis. 

The  scalars  <p  and  i^for  the  unbounded  medium  are  found 
in  terms  of  by  equality  of  the  z  components  of  the  electric 
and  magnetic  fields  from  Eqs.  (3)  and  (6),  giving 


4>{Z>ViZ)- 


and 


for  the  slab  region  (subscript  0),  and 


2  K, 


°  y i 


Tpe~y°L<>l2(\+e  ynLoRph) 


1  -f  2y«L° RPRP 


Y/ti  L,  lof ) 


,V  Po 
<Pb~  — 
2  Kh 


>7b 


H^(\p)\d\ 


Tp„e  y<M\\+e  yaL°Rp) 


l-e  i-raLoRPRP 


e'y^>Lt>  (|2) 


%^Tsin  8 A 


(9b) 


where  the  (  —)  sign  in  Eq.  (9a)  is  appropriate  in  the  upper 
half  plane  (z>0)  and  the  (  +  )  sign  in  the  lower  half  plane 
(z<0).  For  a  vertical  dipole  (sin  6d~0)  there  are  only  TM 
waves  ( only  a  single  scalar  function  0(f,  y\z)  is  required); 
for  a  horizontal  dipole  (sin  0d=  l)  there  are  both  TM  and  TE 
waves  [both  scalar  functions  (/>(£;,  y\z)  and  i//(£,r/\z)  are 
required].  The  source  terms  for  a  horizontal  dipole  (sin  0d 
=  1)  depend  on  the  transverse  transform  coordinates  (£,77) 
which  results  in  a  dependence  of  the  radiated  fields  on  the 
polar  angle  <p  where  <p  =  0  is  the  radial  direction  parallel  to 
the  dipole. 


III.  EVALUATIONS  OF  THE  RADIATED  FIELDS 
AND  POWER 

A.  Boundary  value  problem  and  evaluation  of  the  Hertz 
potential;  vertical  dipole  (cos  0j=l) 

The  boundary  conditions  for  (f>  at  an  interface  between 
media  l  and  2  are  [9] 


1  d<t>\  1  d<p2 

K\  dz  K2  0Z 


(10) 


for  the  top  [above  the  slab  and  top  film  stack  (subscript  0] 
and  bottom  [below  the  slab  and  bottom  film  stack  (subscript 
b )]  semi-infinite  outer  cladding  regions.  In  these  expres¬ 
sions,  kQlL(.l0!  and  k0  lLb  wl  are  the  total  physical  thick¬ 
nesses  of  the  fop  and  bottom  cladding  layers  from  the  posi¬ 
tion  of  the  dipole  to  the  edge  of  the  outer  cladding  regions  as 
shown  in  Fig.  1.  The  Hertz  potential  within  the  film  stacks  is 
readily  evaluated  from  these  results.  Here  the  R' s  and  T’s 
refer  to  the  magnetic  field  reflectivity  looking  from  inside  the 
slab  from  the  multilayer  top  (bottom)  stacks  for  a  TM  wave 
propagating  upwards  (downwards)  in  the  slab  R!}(R[ j)  and 
the  T* s  are  the  corresponding  transmissions  through  the  en¬ 
tire  film  stacks.  In  the  limit  of  a  single  dielectric  interface  at 
the  top  of  the  slab  these  reduce  to  the  familiar  results  for  a 
TM-wave  incident  from  the  slab  towards  the  top  dielectric 
(and  similar  expressions  for  the  bottom  interlace) 


r1: 


*/ro-*or/ 

+  *(>?/ 


k,  2  k,  y, 

7*  =  ~'-(l-tff)= - jp—. 


(13) 


Comparing  this  result  with  Eq.  (10)  of  Ref.  [1]  for  a 
simple  dielectric  slab,  the  only  changes  are  (I)  the  substitu¬ 
tion  of  the  multilayer  refection/transmission  coefficients  for 
their  single  interface  values;  (2)  the  separate  identification  of 
top  and  bottom  reflection  and  transmission  coefficients  re- 
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quired  for  this  generalized  asymmetric  calculation;  and  (3) 
setting  the  dipole  position  to  the  center  of  the  slab  (a  =  0 
from  Ref.  [I])  since  any  shift  of  the  dipole  position  can  be 
accommodated  by  adding  additional  films  (with  the  same 
dielectric  constant).  The  bracketed  terms  have  simple  physi¬ 
cal  interpretations.  There  are  two  contributions  to  the  fields 
in  the  top  region*  one  direct  transmission  from  the  upward 
directed  plane  waves  of  the  dipole  and  a  second  reflected 
from  the  bottom  slab  interface.  The  resonant  denominator 
accounts  for  the  multiple  reflections  within  the  slab.  The  ze¬ 
ros  of  this  denominator  correspond  to  poles  of  the  integrand 
and,  thus,  the  radiation  into  2D  bound  waveguide  modes. 
There  are  branch  cuts  in  the  X  plane  as  a  result  of  the  mul¬ 
tivalued  y,’s.  Integration  around  these  branch  cuts  gives  the 
3D  free-space  radiation.  The  inverse  transform  will  be  dis¬ 
cussed  following  the  presentation  of  the  boundary  value  so¬ 
lutions  for  the  horizontal  dipole  in  the  next  section. 


for  the  slab,  and 

p  o  r*>  1 

— Vo\  —sin  (pHl0(\p)d\ 

2  J-y, 

7>  y'M1{  1  +  e  y°L»Rsb)  _  . 
x - — - - (f  tof} ' 

l-e  2y«^’/?X 


—  ip o  f  00 

-  k0  cos  <pH'0(\p)d\ 

2k,  j  “ 

Tpe  W2(|  -  e  y»ZoRi’\ 

x - - - £  y^z  ittp  f 

l-e  ly^RpbRp 

(16a) 


B.  Boundary  value  problem  and  evaluation  of  the  Hertz 
potential;  horizontal  dipole  (cos  0d— 0) 

For  a  horizontal  dipole,  both  4>  and  <//  must  be  evaluated. 
Since  the  boundary  conditions  are  uncoupled,  the  solution 
proceeds  straightforwardly  using  the  source  terms  in  Eq.  (9) 
for  6d=7rl2.  The  boundary  conditions  are  [9] 

4>l  =  <i>2'  'P\  =  'l*2> 

1  d(/>\  1  d<f>  2  dijj\  dil/j 

~~  ^  =  7  >  ~Z  =  ~~Z  •  (14) 

k{  az  k2  oz  az  oz 

This  decoupling  of  the  boundary  conditions  for  the  two  sca¬ 
lar  functions  is  a  major  algebraic  advantage  of  the  Hertz 
vector  representation  introduced  by  Lukosz  [9].  The  solu¬ 
tions  again  are  obtained  by  straightforward  thin-film  analysis 
based  on  the  boundary'  conditions  Eq.  (14)  and  the  source 
terms  Eq.  (9), 


co  I 

—  sin 

~7o 


p o  r«  ko 

4>b=—Vo\  — sin  <p  Hl0(Xp)d\ 

2  J 

T'be  yo^/2(l+<'  y°L« /?;)  _  - 

X - -£  * 

l-e  2yaL»RbRs, 

1  pq  r  oo 

<t>b= -  *0  cos  cpH'0(kp)d\ 

2  K0J-'° 

Tbe  yi>La!1{  I  -  e  y«L° Rp)  _  - 

X - £  *  1  to3 

\-e-iyaLo  rprp 

06b) 

for  the  top  and  bottom  semi-infinite  outer  cladding  regions. 
In  these  expressions,  R*  b  ,T)  b  are  the  electric  field  reflectivi¬ 
ties  for  TE  polarized  waves  incident  from  the  slab  on  the 
respective  interfaces.  In  tine  limit  of  a  simple  dielectric  inter¬ 
face  these  reduce  for  the  top  interface  to 


y»L«Rl(l+e  y°L°R*) 

- - - < 

I  -  e  *yok> Rffi 


I'll* 


*>*■<>/?*(  1  +e  ^Rl) 
l-e  lyoLuRsbRst 


-  e +  e 


2k0J 


k0  cos  (pHi0(\p)d\ 


e~yoLnRpb(  l-e  yo  l°Rp) 


y<i- 


l-f  2yaL0RPRP 
e  y0L0RP{\-e  y°LaRpb) 


I  -  e  ly^RpbRp 


eTu-'(  -t~)e 


(15) 


7o+7/  70  +  7/ 


(17) 


In  Eq.  (15),  the  minus  sign  in  the  parentheses  is  appropriate 
for  z> 0  and  the  plus  sign  for  F<0.  As  mentioned  above,  the 
polar  angle  <p,  defined  relative  to  the  orientation  of  the  dipole 
in  the  slab,  arises  from  the  presence  of  the  transverse  trans¬ 
form  coordinates  (£,??)  in  the  source  terms  for  the  horizontal 
dipole. 

The  physical  interpretation  of  these  equations  is  similar  to 
that  for  the  vertical  dipole.  Now  the  coupling  is  to  both  TE 
and  TM  radiation  and  bound  modes.  The  zeros  of  the  de¬ 
nominators  correspond  to  the  bound  modes  (TM  for  1 

-e'2y°L°RpbRp= 0;  TE  for  l-e  2yoL°RlRf= 0).  In  each 
numerator  there  is  a  term  that  corresponds  to  the  radiation 
directly  incident  from  the  dipole  and  a  second  term  from  the 
radiation  reflected  from  the  opposite  interface.  For  the  poten¬ 
tial  within  the  slab  there  are  upward  and  downward  reflected 
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waves  and  the  source  terms.  For  the  potential  in  the  half¬ 
spaces  the  numerators  correspond  to  transmission  from  the 
source  at  the  center  of  the  slab.  The  denominators  account 
for  the  multiple  reflections,  and  include  all  near  field  terms; 
no  approximations  to  the  full  electromagnetic  calculation 
have  been  made  to  this  point.  These  approximations  will  be 
made  in  the  branch  cut  integrals,  which  are  evaluated  by  the 
method  of  steepest  descents  that  is  only  valid  far  (many 
wavelengths)  from  the  source  point,  and  in  the  evaluation  of 
the  contributions  from  the  poles  using  the  asymptotic  limits 
of  the  Hankel  function,  again  valid  many  wavelengths  from 
the  source  point.  There  are  branch  cuts  corresponding  to  each 
of  the  thin  film  layers.  In  the  half-spaces  above  and  below 
the  structure,  only  the  integral  around  the  branch  cut  corre¬ 
sponding  to  that  specific  medium  contributes  to  the  radiation 
fields;  the  other  branch  cuts  contribute  only  to  the  near  fields 
and  thus  are  excluded  from  the  subsequent  analysis. 


mode  index  (/)  [Ty,/sT/(Mk  *{*]■  The  corresponding  indi¬ 
ces  on  the  reflection  coefficients  are  suppressed  for  conve¬ 
nience. 

From  this  result,  the  next  step  is  to  evaluate  the  fields  and 
to  integrate  across  the  mode  profile  to  get  the  radiated  power 
with  the  result  for  the  central  slab  containing  the  dipole, 


620 
*  V  7/ 


3^0  y  \k_  r 
Re(/C|)Veo  1  l^fl2 


[kojP  +  Moj' 


+  [c0./rf0./  +  c0jd0./] 


sinh(  y0’.;r0/2) 

] 

sin(yg"£0/2) 


vP” 

To./ 


,  (21) 


C.  Evaluation  of  the  inverse  transform 

The  apparatus  of  a  complex  analysis  can  now  be  applied 
to  the  remaining  integrals.  As  noted  above,  there  are  contri¬ 
butions  due  to  integration  around  the  branch  cuts  (corre¬ 
sponding  to  3D  radiation  into  the  semi-infinite  half-spaces 
above  and  below  the  structure)  and  due  to  poles  of  the  de¬ 
nominators  (2D  bound  modes).  The  manipulations  have  been 
presented  for  a  single  interface  in  great  detail  in  Ref.  [II]  for 
a  single  interface  and  in  Ref.  [4]  for  the  simple  slab  case. 
Only  the  final  results  will  be  presented  here. 


1.  Vertical  dipole 


2D  bound  modes.  For  the  vertical  dipole,  the  Hertz  poten¬ 
tial  within  the  slab  is  evaluated  using  the  asymptotic  limit  of 
the  Hankel  function  [Hq(z)~ ► —  ieiz^2hrz ]  and  taking  the 
residues  at  the  zeros  of  the  denominator, 


0o° — 

i 


JRei&—kL 

y  kPip  KQyQiSDp 


x[(i+/?^„,e-<ko)cosh(rg/) 

+  /fafvme'^'L°Sinil(rgJ(?')].  (18) 


where  the  denominator  is  expanded  around  the  roots  (kpt  , 
where  the  subscript  is  the  mode  index)  of  the  TM  ( p  super¬ 
script)  modal  dispersion  relation,  viz., 

„  _  3D  A 

of  =  1  -e~2l,lLQRlRP~{\-k?)-^\  m(\-kf)SDf 

V 

(19) 


and 


where  the  summation  is  over  all  modes  (/),  7oi=  To,/ 
+  i  To,/ ,  and  the  coefficients  Cqj  and  d0</  are  the  complex 
amplitudes  of  the  upward  and  downward  directed  fields  in 
each  layer  at  the  center  of  the  slab.  From  Eq.  (18) 

1  r  r 

=  —  (  1  +RP  e  ~vojlq  +  ri?  e' 

c0 ,/  2  v  *  svmc  asxmc  > 

=  f(l  + 

j  ( l  rw 

=  '-{\+R»be^.iL°).  (22) 

Similar  expressions  need  to  be  evaluated  over  the  entire  film 
stack,  including  the  top  and  bottom  semi-infinite  regions,  and 
summed  to  get  the  total  2D  radiated  power. 

3D  radiated  energy.  The  calculation  proceeds  by  substi¬ 
tuting  the  integral  expression  for  the  Hankel  function 

4  f00  ,? 

Htiz)  ~  —elz  (4/2  —  y2)  'v2e  "v"ady^el 

7T  Jo 

(23) 


where  the  last  approximation  is  valid  in  the  radiation  zone, 
many  wavelengths  from  the  dipole.  Then  the  Hertz  potential 
in  the  semi-infinite  cladding  regions  can  be  evaluated  by 
integrating  around  the  branch  cut  by  the  method  of  steepest 
descents  with  the  result  for  the  top  half-space: 

PoM'"'*  l  -  R',’  [  1  +  e‘n°L°  cos(,,)tf£(  0)] 

<t>,= - - - 

R  k0  \-e2‘"aL°QO%{f>)Rpl(9)R,’b(d) 


rp  = 

J.vw 


Rp  +  Rpb 


Rp  = 

Myasym 


K-K 


(20) 


The  superscript  on  the  y s  takes  note  of  the  fact  that  they  are 
evaluated  at  the  roots  of  the  TM  dispersion  relation  and  the 
subscripts  on  the  y’s  refer  to  the  layer  index  (j)  and  the 


X  cos  #  ~  nt cos  *>V2  ^24) 

where  R  is  the  dimensionless  radial  distance  coordinate,  d  is 
the  propagation  angle  inside  the  slab  for  an  external  angle  of 
0  [cos2  (Ml  -(/q/zc^sin2  0]  and  the  reflection  coefficients 
are  evaluated  at  the  external  angle  6. 
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.For  the  radiated  power,  normalized  to  the  power  radiated  by  the  dipole  in  an  infinite  medium,  the  final  result  is 


3 

5/2  r  vii 

[  1  -  Rf  ( 0)][  1  +  einoLo  co>  dRP(  0)]ei{n 0  cos  d  fl{  cos  11 
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*0 

Jo 

1  -  e2ino^>c^aRf(e)Rpb(e), 

(25) 


with  a  similar  expression  for  the  power  radiated  into  the 
bottom  half-space  with  the  obvious  interchange  (r<=>6).  As 
expected,  this  result  is  identical  to  that  for  the  simple  slab  [4] 
with  the  substitution  of  the  film-stack  reflectivities  for  those 
of  the  simple  dielectric  interface  and  the  generalization  to  an 
asymmetric  cladding  structure. 

2.  Horizontal  dipole 

A  horizontal  dipole  couples  to  both  TE  and  TM  radiation. 
The  calculations  are  very  similar  to  those  presented  above 
and  only  the  results  are  given  here. 

2D  bound  modes.  For  TE  coupling 
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For  TM  coupling 
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with  equivalent  expressions  for  the  radiation  into  the  bottom 
half  space. 

Again,  it  is  instructive  to  compare  these  expressions  for  a 
horizontal  dipole  with  the  equivalent  expressions  derived  for 
the  symmetrically  clad  slab  with  Sommerfeld’s  Hertz  vector 
approach  [4].  For  the  TE  coupling  the  results  are  again  very 
similar  with  the  straightforward  substitutions  of  the 
multilayer  reflectivities,  the  more  careful  tracking  of  reflec¬ 
tion  coefficients  necessary  for  nonequivalent  surfaces,  and 
the  automatic  placement  of  the  dipole  in  the  center  of  the 
slab.  The  TM  results  are  significantly  simpler  in  this  formu¬ 
lation,  particularly  for  the  Hertz  potential  and  the  3D  radia¬ 
tion  contributions.  In  the  previous  treatment,  based  on  the 
Sommerfeld  formulation,  the  possible  algebraic  simplifica¬ 
tion  was  only  recognized  for  the  bound  mode  contributions. 

IV.  RESULTS 

In  the  following  two  sections,  results  using  these  expres¬ 
sions  are  presented  for  two  related  vertical-cavity  structures. 
First,  we  consider  a  slab  bound  by  two  symmetric  quarter 
wavelength  minor  stacks  with  air  on  both  sides.  The  power 
is  radiated  into  both  bound  modes  and  3D  radiation.  In  the 
second  case,  the  same  structures  are  atop  a  GaAs  substrate, 
again  with  air  cladding  the  top  surface.  Now  there  are  no 
bound  modes,  but  there  are  “leaky”  modes  with  field  distri¬ 
butions  very  similar  to  the  bound  modes,  but  whose  energy 
leaks  into  radiation  modes  in  the  substrate.  Absorption  has 
been  set  to  zero  (all  indices  taken  as  pure  real  quantities), 
interface  roughness  has  been  neglected,  and  the  structure  is 
taken  as  infinite  within  the  plane.  Additionally,  the  dipole 
radiation  has  been  assumed  to  be  at  a  continuous  single  fre¬ 
quency  c o ,  without  any  dephasing  ( T2 )  or  decay  (T j)  events. 
The  impact  of  all  of  these  assumptions  is  to  allow  the  coher¬ 
ent  addition  of  fields  over  many  transits  of  the  multilayer 
structure,  e.g.,  to  investigate  very  high  finesse  resonances. 
This  allows  beautiful  examples  of  resonance  effects;  how¬ 
ever,  due  consideration  of  these  limiting  effects  must  be 
taken  in  applying  this  analysis  to  the  interpretation  of  experi¬ 
mental  results. 

A.  Slab  with  DBR  mirrors — bound  modes  and  radiation 

The  slab  structure  consists  of  a  thin  (10  nm)  InGaAs 
quantum  well  («  —  3.55)  with  the  dipole  in  the  center  of  the 


FIG.  2.  Radiated  power  from  a  dipole  embed¬ 
ded  in  a  slab  (top)  and  in  the  same  slab  with  four 
mirror  stacks  (bottom).  The  results  for  a  vertical 
dipole  are  shown  in  the  left  panels  and  for  a  hori 
zontal  dipole  in  the  right  panels.  In  each  case  the 
dipole  is  embedded  in  a  thin  (10-nm-wide) 
InGaAs  (/?  =  3.55)  section  clad  top  and  bottom 
with  GaAs  {n  =  3.495)  spacers  of  thickness  L. 
For  the  slab,  the  semi-infinite  outer  claddings  are 
air  (/?  =  1 );  for  the  mirror  stacks  are  A/4  pairs  of 
AI2O3  (n  =1.76)  and  GaAs,  again  with  semi 
infinite  air  outer  claddings.  See  text  for  detailed 
discussion. 


well,  symmetric  GaAs  inner  cladding  layers  (n  =  3.495) 
whose  thicknesses  are  equal  and  are  varied  in  the  calculation, 
symmetric  A/4  Al203/GaAs  (n  =  1.76/3.495)  mirror  pairs 
(results  for  zero  to  four  mirror  pairs  are  presented),  and  air 
{n—  1 )  upper  and  lower  outer  cladding  half-spaces.  The  spa¬ 
tial  index  profile  is  shown  as  an  inset  in  Fig.  2.  These  index 
values  are  appropriate  to  a  wavelength  of  980  11m;  results  are 
shown  normalized  to  the  wavelength  in  the  GaAs  layers. 

The  calculated  radiated  power,  normalized  to  the  radiated 
power  in  an  unbounded  InGaAs  medium  as  a  function  of  the 
GaAs  inner  cladding  thickness  for  a  simple  slab  (top,  no 
mirror  stacks)  and  for  a  slab  bound  on  each  side  by  four 
mirror  stacks  (bottom)  is  shown  in  Fig.  2  for  both  a  vertical 
dipole  source  (left)  and  a  horizontal  dipole  source  (right). 
For  the  vertical  dipole  source,  all  of  the  radiation  is  into  TM 
bound  and  radiation  modes.  For  the  air-clad  slab,  the  3D 
radiation  shows  strong  Fabry-Perot  resonances  for  slab  thick¬ 
nesses  near  2n\L~(2j+  1  )A/2,  7  =  0,1,...,  and  much 
weaker  resonances  for  even  numbers  of  half-wave  reso¬ 
nances.  This  alternation  arises  from  the  factoring  of  the  reso¬ 
nant  denominator  for  this  symmetric  case  and  the  cancella¬ 
tion  of  one  set  of  resonances  by  the  numerator  in  Eq.  (25). 
The  horizontal  dipole  has  a  similar  set  of  resonances  but  now 
at  even  numbers  of  half-waves  and  the  cancellation  for  odd 
numbers  of  half-waves,  for  both  the  TE  and  TM  radiation 
components.  These  resonance  conditions  are  a  direct  conse¬ 
quence  of  the  boundary  conditions  in  Eqs.  (10)  and  (14).  The 
TM  radiation  boundary'  conditions  for  a  vertical  dipole  re¬ 
quire  that  the  Hertz  potential  be  zero  at  the  edges  of  the  inner 
cladding  as  the  magnitude  of  the  reflectivity  approaches 
unity,  whereas  the  TE  and  TM  boundary  conditions  for  a 
horizontal  dipole  force  the  derivative  of  the  potential  to  zero 
at  the  same  locations.  The  high  symmetry  of  a  dipole  located 
in  the  precise  center  of  the  slab  results  in  these  alternating 
resonance  selection  rules;  more  complex  behavior  is  found 
for  a  dipole  displaced  from  the  center  of  the  slab.  For  the  2D 
bound  modes,  the  vertical  dipole  exhibits  a  strong  suppres¬ 
sion  of  the  radiation  for  very  thin  slabs  (L<?A/«.)  while  the 
radiation  is  more  pronounced  for  the  horizontal  dipole  at 
these  thicknesses.  In  both  cases,  the  total  radiated  power 
rises  approximately  to  that  for  the  dipole  in  an  infinite  me¬ 
dium  as  the  inner  cladding  thickness  is  increased;  the  slightly 
lower  value  (<  1)  than  in  an  infinite  InGaAs  medium  is  be- 
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cause  the  normalization  is  to  the  dipole  in  the  higher  index 
InGaAs,  but  the  majority  of  the  bound  mode  radiation  is 
confined  to  the  GaAs  layers.  Each  of  the  contributions  to  the 
total  radiated  power  has  been  multiplied  by  various  factors  to 
make  them  visible  in  the  figure.  As  is  well  known,  for  the 
vertical  dipole,  only  very  weak  radiation  into  the  air  spaces  is 
observed  (3DX  100).  More  interesting  is  the  result  for  the 
horizontal  dipole,  where  most  of  the  radiation  is  into  the  TE 
mode;  the  2D  TM  radiation  is  multiplied  by  10,  while  the  3D 
TM  radiation  contribution  to  the  total  power  is  multiplied  by 
2. 

The  impact  of  the  mirror  pairs  on  the  distribution  of 
power  between  the  individual  radiation  components  is  sig¬ 
nificant,  whereas  the  total  radiated  power  is  only  modestly 
impacted.  For  a  vertical  dipole,  there  is  a  noticeable  increase 
in  the  radiated  power  into  the  2D  TM  mode  for  very  thin 
slabs.  This  is  a  result  of  the  increased  mode  volume  due  to 
the  mirrors  (see  the  left  side  of  Fig.  2).  For  the  air-clad  slab, 
only  the  lowest-order  mode  is  propagating  for  2 
while  for  the  four- mirror-clad  slabs,  there  are  six  propagating 

modes  even  for  L- 0.  For  both  dipole  orientations,  the  3D 
radiation  is  significantly  increased  at  the  alternating  half¬ 
wave  resonances,  and  suppressed  away  from  these  reso¬ 
nances.  For  a  horizontal  dipole  at  the  first  two  resonances, 
the  total  radiated  power  is  slightly  larger  (~  15%)  than  that 
for  a  dipole  in  an  infinite  medium  corresponding  to  a  de¬ 
crease  in  the  radiative  lifetime.  The  3D  radiation  is  strongly 
peaked  at  the  even  integral  resonances  for  both  the  TE  and 
TM  components.  Away  from  these  resonances,  essentially  all 
of  the  radiated  power  is  in  the  2D  bound  modes.  As  the 
number  of  mirror  pairs  is  increased,  more  of  the  energy  is 
shifted  into  the  TM  radiation,  although  it  remains  a  signifi¬ 
cantly  smaller  fraction  of  the  total  power  than  that  radiated 
into  the  TE  mode.  There  is  a  more  equal  balance  of  radiated 
power  between  TE  and  TM  for  the  3D  radiation. 

The  evolution  of  the  total  radiated  power  as  the  number  of 
mirror  pairs  is  shown  more  clearly  in  Fig.  3.  Results  are 
shown  for  both  vertical  (top)  and  horizontal  (bottom)  dipoles 
for  the  slab  case  and  for  one  through  four  mirror  pairs.  The 
curves  are  offset  for  clarity.  In  each  case,  the  radiation  from 
a  dipole  in  an  infinite  medium  is  shown  as  the  associated 
dotted  line. 

For  a  vertical-cavity  laser,  the  radiated  power  for  a  hori¬ 
zontal  dipole  in  the  normal  direction,  perpendicular  to  the 
layers,  is  of  particular  interest.  The  maximum  intensity  into 
the  normal  direction  occurs  when  the  TE  and  TM  powers  are 
equal,  just  at  the  leading  edge  of  the  resonances  of  Fig.  2  (see 
also  Fig.  5B),  Figure  4  (top)  shows  the  normalized  forward 
direction  emission  for  a  horizontal  dipole  as  a  function  of  the 
slab  tli ick ness  for  the  five  cases  of  a  slab  and  one  through 
four  mirror  pairs.  The  angular  variation  at  the  peak  is  also 
shown  in  Fig.  4  (bottom).  The  variation  with  slab  thickness 
shows  the  expected  Lorentzian  line  shape  from  the  expan¬ 
sion  of  the  resonant  denominator  at  an  increasing  cavity  fi¬ 
nesse  F  as  the  reflectivity  increases  with  the  number  of  mir¬ 
ror  pairs.  (The  calculated  normal  emission  power 
reflectivities  and  corresponding  F' s  are  | /? | 2  =  0.3 1 ,  F—2.5, 
slab;  | /? | 2  =  0.75,  —  11,  one  mirror  pair;  | /? | 2  =  0.93,  F 
—43,  two  mirror  pairs;  | /? | 2  =  0.982,  F— 173,  three  mirror 


Normalized  Cladding  Width,  nLJX 


FIG.  3.  Evolution  of  the  total  radiated  power  for  a  symmetric 
structure  as  the  number  of  mirror  pairs  is  varied.  The  curves  are 
offset  for  clarity;  in  each  case  the  dashed  line  represents  the  power 
radiated  by  the  dipole  into  art  infinite  InGaAs  medium. 

pairs;  and  |/?|2  =  0.995,  F  =  628,  four  mirror  pairs.)  The 
slight  shift  of  die  resonance  away  from  2 nLI\~  1  is  due  to 
the  optical  thickness  of  the  InGaAs  quantum  well.  As  ex- 


FIG.  4.  Vertical  emission  (normal  to  the  layer  structure)  into  3D 
radiation  modes  for  a  horizontal  dipole  embedded  in  a  symmetri¬ 
cally  clad  slab  as  a  function  of  the  inner  cladding  thickness  (top) 
and  the  angular  variation  for  the  peak  vertical  emission  (bottom), 
both  with  the  number  of  mirror  pairs  as  a  parameter.  As  expected, 
the  increasing  finesse  of  the  resonance  with  increasing  numbers  of 
mirror  pairs  is  reflected  in  both  plots. 
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FIG.  5.  Angular  variation  of  the  3D  radiation  from  a  horizontal 
dipole  in  a  symmetrically  clad  slab  with  four  mirror  pairs  as  the 
inner  cladding  thickness  is  varied.  The  top  panel  shows  an  ex- 
panded  view  of  the  integrated  TE  and  TM  3D  radiation  in  the  vi¬ 
cinity  of  the  first-resonance  inner  cladding  thickness.  The  angular 
traces  (A  though  G)  show  the  evolution  of  the  angular  dependence 
of  Lhe  emission  as  the  inner  cladding  thickness  is  varied  in  this 
region. 


the  round-trip  resonance  condition  in  the  denominators  [Eqs. 
(31)  and  (33)]  that  must  move  away  from  normal  as  the 
thickness  is  increased.  The  explicit  dependence  in  Eqs.  (31) 
and  (33)  is  on  the  thickness  of  the  central  slab  medium  con¬ 
taining  the  dipole,  which  is  fixed  in  this  calculation.  The 
dependence  on  the  thickness  of  the  cladding  is  contained  in 
the  phase  of  the  reflection  coefficients.  This  lowest  order 
round  trip  resonance  condition  is  simply,  ^qqjJL 

+ ^n!nGaAs  cos  &LlnGiiAs+2<p(ff)= X/27T,  which  clearly  exhibits 
the  dependence  of  dG(lAs ,  the  angle  of  propagation  in  the 
inner  cladding,  on  L.  The  final  phase  term  0(0)  represents 
the  phase  shift  in  the  reflector  stack  beyond  the  inner  clad¬ 
ding,  The  external  angle  0  is  related  to  fiGaAs  by  the  Fresnel 
condition  nGaAssindGaAs=s\n  6  for  the  present  ease  of  a 
semi-infinite  air  {nt—  1)  outer  cladding.  The  change  in  the 
external  angle  for  a  given  change  in  L  is  amplified  by  the 
GaAs  refractive  index.  For  case  D,  corresponding  roughly  to 
the  middle  of  the  thickness  region  with  substantial  radiation, 
the  peaks  for  TE  and  TM  radiation  occur  at  different  angles 
and  the  TE  peak  is  significantly  sharper.  This  is  because  of 
the  lower  TM  reflectivity  related  to  Brewster’s  angle  for  TM 
radiation  incident  on  a  single  interface.  The  splitting  is  due  to 
phase  shifts  as  the  angle  is  increased.  This  trend  is  continued 
for  case  E,  just  before  the  cutoff  of  the  TE  radiation.  The 
angular  peak  in  the  TE  emission  is  close  to  7t/2.  For  a  further 
increase  in  the  inner  cladding  thickness,  the  peak  shifts  be¬ 
yond  the  angle  for  total  internal  reflection  and  the  emitted 
power  shifts  from  3D  radiation  out  the  sides  of  the  structure 
to  2D  modes  propagating  within  the  structure.  This  same 
transition  is  more  gradual  for  the  TM  radiation  (case  F)  con¬ 
sistent  with  the  more  gradual  onset  of  the  2D  TM  emission 
with  inner  cladding  thickness  seen  in  Fig.  2.  Finally,  case  G 
is  for  a  thickness  beyond  die  significant  3D  emission  region 
where  the  total  3D  power  is  weak  and  again  does  not  show 
any  strong  angular  dependence. 


peeled,  the  angular  variation  of  the  emission  at  the  peak  of 
each  of  these  resonances  narrows  significantly  as  F  in¬ 
creases. 

As  the  inner  cladding  thickness  L  increases  beyond  this 
resonance,  the  peak  of  the  3D  emission  shifts  to  steeper 
angles  for  both  TE  and  TM  radiation,  and  the  total  3D  radi¬ 
ated  power  increases  dramatically.  The  top  panel  of  Fig.  5 
shows  an  expanded  view  of  the  total  integrated  3D  radiated 
power  emitted  from  both  surfaces  around  the  first  peak  re¬ 
gion  (nLI\~ 0.5)  for  the  four- mirror- pair  case  for  a  horizon¬ 
tal  dipole.  From  the  symmetry  of  this  geometry,  the  same 
power  is  emitted  from  both  surfaces.  The  angular  depen¬ 
dence  of  the  radiated  power  is  shown  for  various  values  of  L 
(A  through  G)  as  indicated  in  the  top  panel.  Case  A  is  before 
the  resonance:  the  radiated  power  is  quite  small  and  does  not 
show  a  pronounced  angular  dependence.  Case  B  is  the  maxi¬ 
mum  of  the  normal -direction  emitted  power  shown  previ¬ 
ously  in  Fig.  4.  Notice  that  this  peak  normal  emission  corre¬ 
sponds  to  a  very  small  fraction  of  the  power  radiated  from 
the  dipole.  Case  C  is  just  past  the  sharp  increase  in  the  3D 
emitted  power  for  both  TE  and  TM  radiation.  There  is  a  peak 
in  the  angular  dependence,  for  both  TE  and  TM  radiation,  at 
a  small  angle  away  from  normal.  This  peak  can  be  traced  to 


B.  Active  region  and  mirrors  on  substrate — No  bound  modes 

We  now  make  a  change  in  the  structure,  replacing  the 
bottom  semi-infinite  air  cladding  with  a  semi-infinite  GaAs 
cladding.  This  simple  change  greatly  modifies  the  calcula¬ 
tion,  but  of  course  the  results  should  not  be  dramatically 
different  since,  at  least  as  the  number  of  mirrors  is  increased, 
the  dipole  should  not  “see”  the  substrate  refractive  index. 
The  major  change  in  the  calculation  is  that  there  are  no 
bound  modes  in  this  structure,  in  the  sense  that  the  zeros  of 
the  dispersion  relation  all  correspond  to  “modal”  indices  that 
are  lower  than  the  GaAs  substrate  refractive  index  for  the 
entire  thickness  region  L  investigated.  Thus  the  radiated 
power  is  either  emitted  out  the  top  surface,  or  “leaks”  from 
the  film  stack  into  the  GaAs  substrate.  As  before,  some  of  the 
power  is  radiated  into  the  upper  air  space.  Mathematically, 
having  the  substrate  index  higher  than  the  solution  to  the 
dispersion  relation  puts  the  poles  on  a  different  sheet  of  the 
Riemann  surface  of  the  inverse  transform  integrand  (e.g.,  the 
negative  sign  must  be  taken  for  the  square  root  correspond¬ 
ing  to  the  substrate  propagation  constant  whereas  a  positive 
sign  was  taken  in  the  true  bond  mode  case)  so  that  the  poles 
do  not  contribute  to  the  inverse  transform  integration. 
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FIG.  6.  Radiated  power  from  a  dipole  embed¬ 
ded  in  an  asymmetric  film  structure  with  air  up¬ 
per  and  GaAs  lower  outer  claddings.  The  top  pan¬ 
els  are  for  a  simple  InGaAs/GaAs  structure,  the 
bottom  panels  include  three  ALO^/GaAs  X/4 
mirror  pairs.  In  each  case  the  dipole  is  embedded 
at  the  center  of  a  thin  InGaAs  region.  The  left 
panels  are  for  a  vertically  oriented  dipole;  the 
right  for  a  horizontal  dipole.  The  only  emission  is 
into  3D  radiation  for  these  cases.  There  are  no 
strictly  bound  modes,  however,  for  the  three 
mirror-pair  case;  there  are  “leaky”  modes  largely 
confined  to  the  film  stack  but  with  radiation  that 
leaks  into  the  substrate. 


Figure  6  shows  the  total  radiated  power  for  a  simple  slab 
case  (top),  with  just  a  buried  InGaAs  layer,  and  for  three 
mirror  pairs  (bottom).  Results  are  shown  for  both  a  vertical 
dipole  (left)  and  a  horizontal  dipole  (right).  As  there  are  no 
bound  modes,  there  are  no  2D  contributions;  the  calculation 
proceeds  only  from  Eqs.  (31)  and  (33)  and  their  bottom  sur¬ 
face  counterparts.  For  a  vertical  dipole,  the  results  are  very 
similar  to  those  for  the  symmetrically  clad  slab  with  air  on 
both  sides.  There  are  somewhat  larger  differences  for  a  hori¬ 
zontal  dipole.  The  roughly  factor  of  two  decrease  compared 
with  the  equivalent  figure  for  the  symmetrically  clad  geom¬ 
etry  is  due  to  the  counting  of  the  radiated  power  out  of  both 
top  and  bottom  surfaces  in  Figs.  2  and  5,  whereas  the  top  and 
bottom  surface  radiated  powers  are  shown  individually  in 
this  figure.  There  are  differences  in  the  details  of  the  emis¬ 
sion  dependence  on  inner  cladding  thickness  that  will  be 
discussed  in  conjunction  with  Figs.  8  and  9.  The  total  hori¬ 
zontal  dipole  emission  does  not  exhibit  the  sharp  transitions 
between  2D  and  3D  emission  that  characterized  the  symmet¬ 
ric  air-clad  slab,  but  the  overall  dependence  of  the  emission 
on  the  inner  cladding  thickness  is  similar.  The  total  emission 
at  the  peak  around  nL/\~ 0.5  is  larger  than  for  the  similar 
symmetric  air-clad  three- mirror- pair  case.  There  is  also  a  sig¬ 
nificant  change  in  the  distribution  of  energy  between  TE  and 
TM  emission,  the  TM  emission  being  more  pronounced  in 
this  substrate  geometry. 

Figure  7  shows  the  progression  of  the  total  emitted  power 
as  a  function  of  the  inner  cladding  thickness  with  the  number 
of  mirror  pairs  as  a  parameter.  The  curves  have  been  offset 
for  clarity.  The  radiated  power  for  a  dipole  in  an  infinite 
medium  is  shown  as  the  dashed  line  associated  with  each 
curve. 

An  expanded  view  of  the  first  top  surface  emission  region 
for  a  horizontal  dipole,  in  the  vicinity  of  nL/\~ 0.5,  is 
shown  in  the  top  panel  of  Fig.  8.  This  should  be  compared 
with  the  comparable  panel  in  Fig.  5  for  the  symmetrically 
air-clad  slab.  Again,  the  overall  results  are  similar,  but  there 
are  some  noticeable  differences.  The  overall  shapes  are  in¬ 
verted,  in  Fig.  5  the  TE  power  increases  slightly  as  the  inner 
cladding  thickness  increases  up  to  a  very  sharp  cutoff  while 
the  TM  power  decreases  and  shows  a  much  more  gradual 
cutoff.  In  Fig.  8  the  TM  power  increases  while  the  TE  power 
decreases  as  the  inner  cladding  thickness  increases.  The  lim¬ 


its  of  the  emission  with  inner  cladding  thickness  are  more 
gradual  and  less  well  defined  for  this  case.  The  TM  emission 
is  larger  than  the  TE,  the  opposite  of  the  symmetrically  clad 
slab  case. 

The  angular  dependencies  of  the  emission  out  the  top  (air- 
clad)  surface  are  shown  in  panels  A  through  G.  Panel  A  is  for 
inner  cladding  thicknesses  smaller  than  those  that  correspond 
to  the  peak  emission.  The  emission  is  relatively  weak  and 
featureless.  Panel  B  corresponds  to  the  peak  of  the  normal 
emission.  Notice  that  this  peak  occurs  for  a  thickness  further 
up  the  knee  of  the  emission  than  was  the  case  for  the  sym¬ 
metrically  air-clad  slab  (Fig.  5B).  Nonetheless,  the  emission 
is  weaker  in  the  present  asymmetric  case.  In  comparable 
units,  the  emission  at  normal  for  the  air-clad  case  with  three 
mirror  pairs  was  60,  both  top  and  bottom;  in  this  case  it  is  11 


Normalized  Cladding  Width,  nUX 


FIG.  7.  Evolution  of  the  total  radiated  power  for  an  asymmetri¬ 
cally  clad  slab  with  an  air  upper  and  a  GaAs  substrate  lower  clad¬ 
ding.  The  curves  have  been  offset  for  clarity;  in  each  case  the 
dashed  line  represents  the  power  radiated  by  the  dipole  into  an 
infinite  InGaAs  medium. 
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FIG.  8.  Angular  variation  of  the  3D  radiation  (horizontal  dipole) 
from  the  top  (air)  surface  of  an  asymmetrically  clad  slab  (air  upper 
and  GaAs  lower  outer  claddings)  with  three  mirror  pairs  as  the 
inner  cladding  thickness  is  varied.  The  top  panel  shows  an  ex¬ 
panded  view  of  the  integrated  TE  and  TM  3D  radiation  in  the  vi¬ 
cinity  of  the  first -resonance  inner  cladding  thickness.  The  angular 
traces  (A  though  G)  show  the  evolution  of  the  angular  dependence 
of  the  emission  as  the  inner  cladding  thickness  is  varied  in  this 
region.  Curve  G  is  for  a  normalized  inner  cladding  thickness 
nLf\~ 0.65,  beyond  the  thicknesses  plotted  in  the  top  curve. 

top  and  134  bottom.  Overall  the  normal  emission  is  compa¬ 
rable,  but  much  is  lost  to  substrate  emission  in  this  asymmet¬ 
ric  case.  Panel  C  is  for  an  inner  cladding  thickness  near  the 
peak  TE  emission.  Both  TE  and  TM  emissions  show  compa¬ 
rable  peak  emission  angles  as  was  the  case  for  Fig.  5.  Panel 
D  is  for  an  inner  cladding  thickness  near  the  mid  point  of  the 
significant  top-surface  emission.  As  was  the  case  for  the 
symmetrically  clad  structure,  at  these  higher  angles  a  split¬ 
ting  is  observed  between  the  TE  and  TM  peak  emission 
angles  as  a  result  of  different  phase  contributions  from  the 
TE  and  TM  reflectivities.  Panel  E  is  for  a  thickness  near  the 
upper  edge  of  the  TE  emission.  The  peak  of  the  TE  emission 
is  close  to  7r/2  as  expected.  Panels  F  and  G  are  at  the  upper 
edge  of  the  TM  emission  and  beyond  both  TE  and  TM  emis¬ 
sion  regions.  Panel  G  is  for  a  nL!\  of  0.65,  outside  the  range 
of  the  top  panel,  which  was  plotted  on  the  same  horizontal 
scale  as  Fig.  5  for  comparison.  Since  these  curves  are  for 
emission  out  the  top  surface,  the  same  amplification  of  the 


external  angle  relative  to  the  internal  angle  as  was  found  for 
the  previous  symmetrically  clad  structure  is  also  found  in 
these  cases. 

In  contrast  to  the  relatively  orderly  behavior  of  the  top 
surface  emission  shown  in  Fig.  8,  the  bottom  surface  emis¬ 
sion  shows  a  much  more  pronounced  angular  dependence  as 
shown  in  Fig.  9  for  five  different  values  of  the  normalized 
inner  cladding  thickness,  again  for  a  horizontal  dipole.  Note 
the  much  larger  vertical  axis  scale  from  10U)  to  10  \  The 
TE  and  TM  emission  angular  dependencies  are  shown  side 
by  side  for  clarity  in  this  figure.  The  top  pair  of  panels  is  for 
the  same  inner  cladding  thickness  as  panel  B  of  Fig.  8,  just  at 
the  peak  of  the  normal  emission.  In  addition  to  the  angular 
peak  at  <£  =  0,  both  the  TE  (left)  and  TM  (right)  emission 
show  additional  structure.  There  are  sharp  dips,  which  are 
relatively  independent  of  inner  cladding  thickness  and  are 
related  to  changes  in  reflectivity.  A  notable  feature  is  the  very 
strong  peak  in  the  TE  emission  at  </>—  1.25  (labeled  TE1)  and 
the  comparable,  but  significantly  smaller  peak  in  the  TM 
emission  at  0^0.66  (TM1).  These  correspond  to  energy 
transmitted  into  the  substrate  from  the  lowest  order  “leaky” 
mode.  That  is  from  a  field  distribution  in  the  upper  cladding 
layers  that  looks  very  similar  to  the  zero-order  bound  mode 
for  the  symmetrically  air-clad  structure.  Compared  to  the 
peak  normal  emission  of  ~  134  into  the  substrate,  the  value 
of  this  emission  is  5X1 07 !  The  resonance  linewidth  is  cor¬ 
respondingly  narrow,  so  the  normalized  integrated  radiated 
power  is  ~0.5  as  shown  in  Fig.  6.  As  the  inner  cladding 
thickness  is  increased,  both  TEI  and  TM1  peaks  shift  to 
steeper  angles.  Since  the  refractive  index  of  the  substrate 
(3.495)  is  very  similar  to  that  of  the  InGaAs  slab  (3.55),  the 
amplification  of  the  angle  by  refraction  is  small.  As  the  inner 
cladding  thickness  is  further  increased,  both  of  these  peaks 
saturate  at  angles  close  to  rr/2.  The  last  pair  of  panels  in  Fig. 
9  is  for  an  inner  cladding  thickness  such  that  there  arc  two 
propagating  leaky  modes  and  consequently  two  pairs  of 
sharp  peaks,  TEI  and  TE2  and  TM1  and  TM2.  These  very 
sharp  angular'  dependences  posed  some  numerical  integration 
challenges.  It  was  easy  to  miss  the  peak  in  the  overall  inte¬ 
grals  [the  bottom  surface  equivalents  of  Eqs.  (31)  and  (33)]. 
Care  had  to  be  taken  to  track  the  peaks  as  a  function  of  inner 
cladding  thickness  and  integrate  carefully  over  the  peak  with 
a  very  fine  step  size  to  get  accurate  results.  This  is  also  the 
reason  that  only  the  three-mirror-pair  rather  than  the  tour- 
mirror-pair  case  was  evaluated  for  the  asymmetric  structure; 
the  resonances  became  too  narrow  and  too  peaked  to  deal 
with  within  the  16-bit  precision  of  the  present  computer  pro¬ 
gram.  Adding  losses  to  the  dielectric  constant  limits  the  peak 
value,  but  also  results  in  energy  loss  to  absorption  within  the 
dielectric  stack  that  must  be  accounted  for  in  evaluating  the 
total  radiated  energy. 

V.  SUMMARY  AND  CONCLUSIONS 

A  fully  analytic  treatment  of  the  radiation  from  a  dipole 
embedded  in  an  arbitrary  dielectric  stack  has  been  presented. 
The  treatment  starts  from  a  Hertz- vector  formalism  intro¬ 
duced  by  Sommerfeld  [I]  and  extended  by  Lucosz  [9].  The 
analysis  proceeds  by  finding  the  Fourier  transform  of  the 
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FIG.  9.  Angular  variation  of  the  3D  radiation  from  the  bottom  (GaAs  substrate)  of  an  asymmetrically  clad  slab  (air  upper  and  GaAs 
lower)  with  three  mirror  pairs  as  the  inner  cladding  thickness  is  varied  for  a  horizontal  dipole.  The  various  values  of  nLf\  are  given  in  the 
figure.  The  top  panels,  nL/\  —  0AS,  correspond  to  position  B,  the  peak  normal  emission,  in  Fig.  8  (top).  The  second  set  of  panels,  nL/\ 
=  0.53,  corresponds  to  position  E,  the  edge  of  the  TE  emission  peak,  in  Fig.  8  (top).  The  third  row  of  panels,  //L/X=0.79,  corresponds  to 
a  cladding  thickness  just  before  the  emergence  of  the  second  top-surface  emission  peak  (Fig.  6).  The  final  row  of  panels,  nL/X  —  1.57, 
corresponds  roughly  to  the  middle  of  the  third  top-surface  emission  peak  in  Fig.  6. 


dipole  fields  for  an  unbounded  medium,  solving  the  indepen¬ 
dent  boundary  conditions  across  the  multilayer  stack  for  each 
Fourier  component,  and  transforming  back  to  real  space. 
This  procedure  provides  a  rigorous  solution  to  the  multilayer 
boundary  conditions.  Two  different  classes  of  singularities 
are  present  in  the  integrand  for  the  inverse  transform:  poles 
that  correspond  to  bound  2D  waveguide  modes  confined 
within  the  multilayer  stack,  and  branch  cuts  that  correspond 
to  3D  radiation  emitted  from  the  sides  of  the  stack  into  the 
upper  and  lower  outer  cladding  half-spaces.  While  the 
boundary  conditions  are  strictly  valid,  approximations  are 
made  in  order  to  evaluate  the  radiated  fields  that  are  accurate 
only  many  wavelengths  from  the  position  of  the  dipole,  e.g., 
in  the  radiation  zone  away  from  the  near  fields.  The  results 
are  directly  related  to  previous  work  [4]  that  investigated  a 
simple  dielectric  slab  geometry  with  the  straightforward  re¬ 
placement  of  single  layer  reflectivities  with  their  multilayer 
counterparts. 

This  formalism  was  applied  to  two  closely  related  struc¬ 
tures,  both  of  which  are  germane  to  the  design  of  semicon¬ 
ductor  vertical-cavity  lasers.  Both  structures  contain  a  thin 
acLive  region  containing  the  dipole  with  symmetric  inner 
claddings  and  an  equal  numbers  of  Bragg  reflector  mirror 
pairs  on  both  sides.  In  the  first  case,  the  structure  is  fully 
symmetric  with  an  air  cladding  both  above  and  below  the 
stack.  In  the  second  case,  the  lower  cladding  is  replaced  with 
a  substrate  with  the  same  refractive  index  as  the  inner  clad¬ 
ding.  These  two  cases  illustrate  some  interesting  points.  For 
the  symmetrically  air-clad  structure,  the  dipole  couples  to 
both  the  bound  modes  of  the  slab  and  the  radiation  fields  in 
the  air  spaces.  For  the  asymmetric  structure,  on  the  other 


hand,  there  are  no  bound  modes  because  of  tire  high-index 
outer  cladding  and  only  the  3D  radiation  calculation  is  op¬ 
erative.  However,  for  high  reflectivities,  e.g.,  a  sufficient 
number  of  Bragg  reflector  pairs,  the  results  should  be  essen¬ 
tially  equivalent  since  the  dipole  can  not  “see”  the  substrate 
because  of  the  high  reflectivity.  Instead  of  true  bound  modes, 
there  are  leaky  modes  that  look  very  much  like  the  bound 
modes  of  the  air-clad  structure,  but  whose  power  is  transmit¬ 
ted  into  the  substrate  after  many  round  trips  within  the  film 
stack.  Because  of  the  very  high  reflectivities  in  these  struc¬ 
tures,  especially  at  steep  angles,  very  sharp  angular  depen¬ 
dences  are  found  for  this  radiated  power,  corresponding  to 
the  bound  modes  in  the  symmetric  ait-clad  case.  In  both 
cases,  the  3D  radiation  into  the  upper  low- index  (air)  half¬ 
space  is  a  sharp  function  of  the  thickness  of  the  inner  clad¬ 
ding  with  TM  and  TE  resonances  at  alternating  half-wave 
inner  cladding  thicknesses.  The  asymmetric  case  is  very 
close  to  that  of  some  LEDs  on  solid  substrates.  For  example, 
visible-emission,  nitride-based  quantum- well  LEDs  [13]  are 
examples  of  mode-free  structures  [14].  Modes  similar  to 
guided  modes  but  losing  power  due  to  leakage  into  the  sub¬ 
strate  are  observed  in  such  structures. 

Finally,  we  present  the  following  conclusions. 

(1)  Analytic  solutions  are  presented  using  a  rigorous 
Hertz- vector  formalism  for  dipole  emission  within  a 
multilayer  dielectric  structure.  These  solutions  are  suitable 
for  application  to  edge-emitting  and  vertical-cavity  surface- 
emitting  lasers  (VCSELs),  resonant  light-emitting  diodes  and 
photodetectors,  and  other  multilayer  optoelectronic  devices. 
Expressions  are  presented  as  functions  of  a  normalized  opti¬ 
cal  thicknesses  of  the  various  layers  and  can  be  used  to  ana- 
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lyze  either  thickness  or  wavelength  variations. 

(2)  Enhancement/suppression  of  the  dipole  radiation  rela¬ 
tive  to  that  in  an  infinite  medium  is  obtained.  The  results  are 
very  dependent  on  the  structure;  however,  even  with  a  very 
high  finesse  planar  cavity,  the  maximum  enhancement  is  lim¬ 
ited  to  —31%  for  a  horizontal  dipole  at  the  first  resonance 
peak,  e.g.,  for  a  total  inner  cladding  thickness  of  ~  The 
inner  cladding  thickness  for  peak  emission  is  close  to,  but 
slightly  longer  than,  the  peak  normal  emission  thickness. 

(3)  A  larger  fractional  suppression  of  the  dipole  emission 
is  found  for  a  vertical  dipole  for  very  short  inner-cladding 
thicknesses  lengths  <n\/2.  This  is  due  to  destructive  inter¬ 
ference  between  the  radiated  and  reflected  fields  at  the  posi¬ 
tion  of  the  dipole. 

(4)  The  distribution  of  the  radiated  power  between  3D 
radiation  into  the  outer  claddings  and  2D  radiation  into  the 


waveguide  modes  shows  a  larger  variation  with  structure 
than  does  the  total  radiated  power.  For  a  free-standing  sym¬ 
metric  structure,  die  addition  of  high-reflectivity  Bragg  mir¬ 
rors  modifies  significantly  the  fraction  of  power  emitted  into 
the  air  space  and  its  inner  cladding  thickness  and  angular 
variations.  As  expected,  the  angular  width  and  inner  cladding 
thickness  tolerance  of  the  normal-emission  resonance  de¬ 
creases  with  increasing  mirror  reflectivities. 

(5)  In  the  asymmetric  case,  with  a  high-index  substrate, 
the  bound  modes  of  the  structure  evolve  into  leaky  modes 
whose  energy  is  radiated  into  the  substrate.  The  top-surface 
emission  for  this  case  is  similar  to  that  for  the  symmetric 
case.  The  bottom  (substrate)  3D  emission  is  characterized  by 
a  complex  dependence  at  small  angles  corresponding  to  the 
reflectivity  coefficient  for  this  multilayer  structure,  and  by 
very  intense  and  narrow  resonance  peaks  at  higher  angles 
corresponding  to  the  leaky  modes. 
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Interferometric  lithography  (!L).  the  interference  of  a  small 
number  of  coherent  optical  beams,  is  a  powerful  technique  for  the 
fabrication  of  a  wide  array  of  samples  of  interest  for  nanoscience 
and  nanotechnology.  The  techniques  and  limits  of  IL  are  discussed 
with  particular  attention  to  the  smallest  scales  achievable.  With 
immersion  techniques,  the  smallest  pattern  size  for  a  single  ex¬ 
posure  is  a  half-pitch  of  A/4//  where  A  is  the  optical  wavelength 
and  n  is  the  refractive  index  of  the  immersion  material.  Currently 
with  a  193-nm  excimer  laser  source  and  H>0  immersion,  this 
limiting  dimension  is  ~ 34  nm.  With  nonlinear  spatial  frequency 
multiplication  techniques ,  this  limit  is  extended  by  factors  of  1/2, 
1/3,  etc. — extending  well  into  the  nanoscale  regime.  IL  provides 
an  inexpensive,  large-area  capability  as  a  result  of  its  parallelism. 
Multiple  exposures,  multiple  beams,  and  mix-and-match  with 
other  lithographies  extend  the  range  of  applicability.  Imaging  IL 
provides  an  approach  to  arbitrary  structures  with  comparable 
resolution.  Numerous  application  areas,  including  nano  scale 
epitaxial  growth  for  semiconductor  heterostructures;  nanqfluidics 
for  biological  separations;  nanomagnetics  for  increased  storage 
density;  nanophotonics  including  distributed  feedback  and  dis¬ 
tributed  Bragg  reflectors,  two-  and  three-dimensional  photonic 
crystals ,  metamaterials,  and  negative  refractive  index  materials  for 
enhanced  optical  interactions  am  briefly  reviewed. 

Keywords — Epitaxy,  interference,  lithography,  metamaterials, 
nanofluidics ,  nanomagnetics,  nanophotonics,  nanoscience,  nan¬ 
otechnology,  negative- index  materials. 


I.  Introduction 

Nanoscience  and  nanotechnology  are  increasingly  impor¬ 
tant  research  directions  because  of  the  exciting  new  physics 
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and  chemistry  that  become  accessible  at  the  nanoscale  and 
because  of  the  accompanying  potential  for  new  products  and 
processes  that  will  have  a  major  impact  on  the  world’s  tech- 
nological  future.  The  new  science  involves  both  the  increased 
importance  of  surfaces  (e.g.,  increased  surface/volume  ratio) 
and  of  the  chemical/steric  effects  that  are  the  basis  of  much 
of  molecular  biology,  as  well  as  the  quantum  phenomena 
that  become  dominant  as  the  material  scale  becomes  compa¬ 
rable  to  the  wavefunctions  of  elementary  excitations:  elec¬ 
trons,  holes,  photons,  spin  waves,  magnetic  excitations,  and 
others. 

Optical  lithography  is  well  established  as  the  manufac¬ 
turing  technology  of  choice  for  the  semiconductor  IC  in¬ 
dustry  which  is  today  well  into  the  nanoscale  with  ~65-nm 
gate  lengths  in  large-volume  manufacturing  production.  With 
recent  developments  such  as  immersion  lithography,  it  now 
appears  that  the  hegemony  of  optical  lithography  has  a  signif¬ 
icant  duration  yet  to  run,  despite  the  continuing  refrain  that 
the  end  of  optical  lithography  as  we  know  it  is  neigh  upon 
us.  In  this  context,  it  is  worth  noting  that  predictions  of  the 
end  of  optical  lithography  have  held  steady  at  “two  genera¬ 
tions  out”  for  roughly  the  past  30  years.  The  dual  purposes  of 
this  paper  are  to  discuss  the  limits  to  optical  lithography  on 
very  general  grounds  and  to  point  out  the  opportunities  for 
exciting  nanoscience  research  that  are  made  possible  by  its 
capabilities. 

Any  discussion  of  tools  for  nanoscience  research  nec¬ 
essarily  involves  consideration  of  the  associated  costs — in 
resources  and  in  time.  The  research  community  never  has 
resources  for  everything  and  must  make  choices  based  on 
affordability  and  productivity.  Thus,  for  example,  e-beam 
lithography  can  produce  structures  at  scales  smaller  than 
optical  lithography  and  with  an  almost  complete  pattern 
flexibility  (within  the  limits  imposed  by  proximity  ef¬ 
fects)  and  is  a  staple  of  nanoscience  research.  Nonetheless, 
there  are  many  applications  that  require  large  areas  (many 
square  centimeters  of  nanopattemed  material)  where  e-beam 
lithography  is  not  a  viable  approach  as  a  result  of  its  serial 
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point-by-point  writing  modality  and  the  consequent  long 
times  involved  in  addressing  the  large  number  of  pixels  in 
a  large-area  nanoscale  image.  A  linear  pixel  resolution  of 
20  tint  corresponds  to  a  density  of  2.5  x  1011  cm-2!  This 
issue  only  gets  worse  as  the  patterning  gets  deeper  into  the 
nanoscale.  As  an  aside,  this  is  a  powerful  argument  applying 
to  any  technique,  such  as  the  various  approaches  to  maskless 
lithography,  that  requires  storage  and  transfer  of  information 
on  an  individual  pixel  basis;  the  data  transfer  demands  are 
very  difficult,  even  with  today’s  advanced  computing  and 
communication  technologies. 

Optical  lithography,  in  contrast,  is  a  parallel  writing  tech¬ 
nique.  Traditional  optical  lithography  uses  a  mask-based 
approach  along  with  optical  reduction  to  ameliorate  the 
demands  on  both  the  mask  fabrication  and  on  the  optical 
system.  Once  the  mask  is  fabricated,  all  of  the  information 
on  the  mask  is  transferred  onto  the  wafer  in  the  lithography 
step.  The  economics  of  the  IC  industry  has  put  a  premium  on 
throughput  performance.  Current  lithography  tools  expose 
^85  wafers  per  hour.  Each  300-mm  diameter  wafer  contains 
~125  die  with  an  area  of  22  x  36  mm2  ~  8,2  cm2.  This 
corresponds  to  a  sustained  information  data  rate  onto  the 
wafer  of  ~  I  THz! 

Nonetheless,  the  cost  of  optical  lithography  remains  an 
issue  for  nanotechnology  both  at  the  research  and  tine  early- 
stage  commercialization  phases.  The  impressive  and  very 
capable  lithography  tools  used  by  the  IC  industry  are  very 
expensive  both  in  initial  (~$20  million)  and  in  operating 
costs  (typical  mask  set  costs  for  a  modem  microprocessor 
exceed  $1  million).  Clearly  these  numbers  only  make  sense 
in  a  high-volume,  high-product-value  manufacturing  context 
and  are  out  of  reach  for  a  typical  research  venue. 

Fortunately,  many  applications  require  only  a  periodic  or 
quasi-peri odic  pattern;  and  a  much  simpler  laboratory-scale 
technology,  interferometric  lithography  (IL),  based  on  the 
interference  of  a  small  number  (most  often  two)  coherent 
laser  beams,  can  produce  useful  patterns  over  large  areas, 
and  volumes,  with  considerable,  but  not  total,  pattern  flexi¬ 
bility,  and  with  dimensions  that  today  are  approaching  20-nm 
scales.  Combining  multiple  interferometric  exposures  and 
mix-and-match  with  lower  resolution,  laboratory-scale  op¬ 
tical  lithography  and  with  limited  use  of  higher  resolution 
e-beam  lithography  dramatically  expands  the  available  range 
of  patterns. 

Nonlinearities  at  all  stages  of  the  patterning  process  can  be 
used  to  further  extend  the  spatial  scales.  In  simple  terms,  the 
aerial  intensity  image  in  IL  is  a  simple  [1  T  cos(2 kxsinO)] 
functional  dependence,  where  k  =  2nn/\  is  the  op¬ 
tical  wavevector  in  the  medium  above  the  resist  and  9 
is  the  angle  of  incidence  in  the  same  medium.  After  de¬ 
velopment  of  the  photoresist,  a  square  wave  lineshape  is 
typically  achieved,  described  by  the  functional  dependence 

i ka sm 0) / 21  ha s\n  6)]  cos(2l kxsinO)  where  a  is 
the  critical  dimension  or  CD  (width  of  the  line).  This  expres¬ 
sion  clearly  contains  spatial  frequencies  well  above  those 
in  the  aerial  image  and  provides  justification  for  the  claim 
that  there  is  no  fundamental  limit  to  optical  lithography 
[1).  These  nonlinear  concepts,  discussed  in  more  detail 


in  Section  1I-D,  are  likely  to  extend  Line  reach  of  optical 
lithography  by  another  factor  of  at  least  two,  to  scales  of 
~10  nm  with  a  193-nm  source.  Further  similar  extensions 
by  integral  factors,  3,  4,  . . .,  are  possible  but  will  be  increas¬ 
ingly  difficult  as  a  result  of  alignment,  process,  uniformity, 
and  edge  roughness  issues.  Another  direction  is  the  use  of 
directed  self-assembly — using  molecular  moieties  as  rulers 
to  proceed  further  into  the  nanoscale  while  retaining  the 
capabilities  of  optical  lithography  to  hierarchically  span  the 
range  of  dimensions  from  centimeters  down  to  ~10  nm. 

The  concepts  of  IL  and  examples  of  results  are  presented 
in  Section  II  starting  from  the  simplest  case  of  two-beam 
interference.  Particular  emphasis  is  placed  on  the  recent 
reemergence  of  an  old  idea — immersion  IL.  This  section 
concludes  with  a  discussion  of  the  limits  of  IL.  In  Section  III, 
a  very  brief  discussion  of  the  extension  of  these  ideas  to  a 
full  imaging  solution  is  presented.  This  is  already  the  topic 
of  many  more  extensive  treatments  and  cannot  be  fully 
developed  in  the  available  space.  The  remainder  of  the  paper 
contains  a  survey  of  active  research  areas  for  the  application 
of  these  technologies.  Examples  are  drawn  from  nanoscale 
epitaxial  crystal  growth,  nanofluidics/nanobiological  appli¬ 
cations,  nanomagnetics,  and  nanophotonics.  This  is  a  rich 
assemblage  of  topics,  each  of  which  could  easily  be  pre¬ 
sented  to  a  depth  of  detail  that  would  overwhelm  the  space 
limitations  of  this  paper.  The  treatment  presented  here  is 
necessarily  very  high  level.  Nonetheless,  the  juxtaposition  of 
this  wide,  range  of  application  areas  serves  to  make  the  major 
point— optical  and  especially  IL  are  enabling  technologies 
that  allow  research  into,  and  even  manufacturing  of,  a  wide 
variety  of  exciting  nanoscience  and  nanotechnology — at  an 
affordable  cost  that  is  broadly  accessible. 


II.  IL 

IL  is  the  use  of  a  small  number  of  coherent  optical  beams 
incident  from  different  directions  on  a  two-dimensional 
(2-D)  (thin  photoresist  film  <$:  A)  or  three-dimensional 
(3-D)  (thick  photosensitive  layer  A)  to  produce  an  in¬ 
terference  pattern  whose  intensity  distribution  is  recorded 
in  the  photosensitive  layer  and  is  later  transferred  (devel¬ 
oped)  by  thermal  and  chemical  processes.  In  the  literature, 
this  concept  has  been  variously  referred  to  as  holographic 
lithography,  interference  lithography,  and  IL. 

IL  is  a  well-established  concept  that  has  largely  tracked  the 
application  of  lasers  to  lithography  [2]-[6],  Early  work  was 
based  on  continuous- wave  (cw)  single-mode  lasers  such  as 
the  Ar+  line  at  488  nm  and  the  Cd+  line  at  442  nm.  With  the 
commercial  development  of  i-line  lithography  (365  nm),  at¬ 
tention  shifted  to  the  cw  Ar l  +  lines  at  364  and  352  nm  and  to 
the  355-nm  third -harmonic  of  a  YAG  laser  to  take  advantage 
of  commercial  resist  developments.  As  leading-edge  com¬ 
mercial  lithography  shifted  to  KrF  (248  nm)  wavelengths,  the 
intracavity  doubled  Ar-ion  line  at  244  nm  was  used.  Today, 
the  IC  industry  is  dominantly  using  ArF  excimer  lasers  (193 
nm),  and  work  has  been  reported  both  with  fifth-harmonic 
YAG  (213  nm)  and  with  line-narrowed  ArF  lasers  at  193 
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Fig.  1 .  Schematic  representation  of  two-beam  interference.  Coherent  laser 
beams  are  symmetrically  incident  from  the  left  and  the  right.  The  period  of 
the  interference  pattern  is  \/\2n  sin  0]  =  A/2NA.  The  standing  wave  pat¬ 
tern  exists  throughout  the  overlap  between  the  beams  as  long  as  this  overlap 
distance  is  shorter  than  the  longitudinal  coherence  length  of  ihe  laser  beams 
and  the  wafer  can  be  placed  anywhere  inside  this  coherence  volume. 


nm.  The  very  small  bandwidth  tolerance  of  the  high-resolu¬ 
tion  lenses  used  in  modern  lithography  has  forced  the  devel¬ 
opment  of  line-narrowed  excimer  lasers  with  subpicometer 
bandwidth.  These  lasers  have  longitudinal  coherence  lengths 
of  several  centimeters  and  are  more  than  adequate  for  inter¬ 
ferometric  application. 


Expanded  Collimated 
Laser  Beam 


stage 


Wafer 


x-y-9  stage 


rism 

(optional) 
Wafer 


0  Stage 


Fig.  2.  1 'lx peri  mental  arrangements  for  II,. 


A.  Two -Bearn  IL 

The  basic  concept  of  tw'o-beam  interference  is  shown 
schematically  in  Fig.  1.  Two  coherent  optical  plane  waves 
with  the  same  polarization  are  symmetrically  incident  on  a 
photosensitive  layer  coated  onto  a  substrate  at  angles  of  ±0. 
The  intensity  pattern  in  space  is  simply  given  by 

T(.v,  z)  =|£|2 Icifi’*11  *‘n 6+e2e~ikr  sin 9|2 

=  |£|2  [2+(et  •  .  e2f  '**•»■*)] 

=2|£|2  [1  +<Tp0i  cos(2A;a;sin  0)]  (1) 

where  k  =  2i rn/X  with  n  the  refractive  index  of  the  medium 
(one  for  air)  and  A  the  optical  wavelength  and  e,  is  the  unit 
polarization  vector  for  each  wave.  The  period  of  the  interfer¬ 
ence  pattern  along  the  x  direction  is  A/2nsin0  and  apoi  — 
[1,  cos(20)]  for  (TE,  TM)  polarization.  By  Snell’s  law,  this 
period  is  invariant  across  any  9  —  tt/2  layer  boundaries  such 
as  the  lithography  stack;  this  is  not  true  for  the  contrast.  TE 
polarization  always  gives  the  maximum  contrast,  while  the 
contrast  is  reduced  for  TM  polarization  as  a  result  of  the 
7r-phase  shift  between  the  ex  and  ez  contributions  to  the  in¬ 
terference  intensity.  For  evaluating  the  polarization  depen¬ 
dence,  it  is  important  to  use  the  propagation  angles  inside 
the  photosensitive  layer.  The  contrast  reduction  for  TM  po¬ 
larization  becomes  significant  for  steep  angles  in  the  resist 
and  will  be  discussed  in  detail  in  the  immersion  discussion 
below.  For  now  take  n  =  1;  it  is  relatively  easy  experimen¬ 
tally  to  reach  sin0  ~  1  (for  example,  at  a  75°  angle  of  in¬ 
cidence,  sin  9  -  0.97,  so  the  limiting  period  of  IL  is  A/2 
and  extends  below  100  nm  at  a  wavelength  of  193  nm. 


Two  experimental  arrangements  for  IL  are  shown  in 
Fig.  2.  The  top  setup  [Fig.  2(a)]  is  a  simple  corner  cube 
arrangement  (Fresnel  mirror)  where  the  right  and  left  halves 
of  the  beam  are  folded  onto  each  other  using  a  90°  geom¬ 
etry.  This  arrangement  has  been  used  quite  successfully 
with  laser  sources  with  a  high  transverse  coherence  such 
as  single-mode  TEMoo  Ar-ion  laser  beams.  Expanding 
the  beam  allows  quite  large  areas — especially  at  periods 
corresponding  to  incidence  angles  9  of  ^  45°  where  the 
sizes  of  the  beams  incident  on  the  sample  and  the  mirror  are 
equal.  At  extremely  large  or  small  periods,  the  available  area 
becomes  limited  by  the  required  size  of  the  folding  mirror 
and  alternative  experimental  configurations  are  preferable. 

Excimer  lasers  exhibit  a  large  number  of  transverse  modes 
and  consequently  a  very  low  transverse  coherence.  The  ex¬ 
perimental  arrangement  in  Fig.  2(a)  is  not  suitable  in  this 
case,  since  the  two  halves  of  the  beam  are  not,  in  general, 
mutually  coherent.  The  interferometer  arrangement  shown  in 
Fig.  2(b)  resolves  this  problem  by  splitting  the  input  beam  in 
half  and  folding  it  onto  itself  as  indicated  by  the  various  line 
styles  in  the  figure;  to  maintain  contrast,  any  offset  has  to 
be  within  the  transverse  coherence  length.  There  remains  the 
requirement  of  a  significant  longitudinal  coherence  (narrow 
spectral  width)  since  the  distances  from  the  beamsplitter  to 
the  image  plane  vary  for  the  two  beams  across  the  field. 
Fortunately,  today’s  very  narrow  linewidth  lithography-opti¬ 
mized  excimer  lasers  have  linewidths  1  pm  (longitudinal 
coherence  length  ~  A2/AA  >  4  cm,  making  large-area  (at 
least  several  square  centimeters)  IL  straightforward. 

Diffractive  beam  splitters  offer  an  achromatic  interfer¬ 
ometric  solution  that  has  been  used  with  larger  linewidth 
lasers,  for  example,  free-running  excimer  lasers  without 
line  narrowing,  to  provide  large-area  patterns  [7],  [8].  The 
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Fig.  3.  45 -nm  half-pitch  pattern  in  photoresist  (resist  supplied  by  AZ  Elec¬ 
tronic  Materials). 


basic  idea  is  to  maintain  both  the  angular  relationship  of  the 
two  beams  that  gives  the  interferometric  pattern  and  also 
equal  path  lengths  for  the  two  beams  across  the  pattern  area 
to  provide  the  necessary  self-coherence.  A  grating  beam 
splitter  provides  the  necessary  capability  to  meet  both  of 
these  requirements.  Generally  a  phase  grating  is  used  opti¬ 
mized  to  result  in  maximum  coupling  into  the  ±  1  diffraction 
orders.  These  two  orders  are  then  recombined  either  with  a 
second  grating  or  with  a  pair  of  mirrors  to  provide  the  final 
aerial  image  pattern. 

B.  Immersion  IL 

Recently,  there  has  been  resurgence  of  interest  in  im¬ 
mersion  lithography,  the  use  of  a  suitable  fluid  between 
the  imaging  lens  and  the  wafer  [9]-[12].  This  allows  an 
improvement  in  the  optical  resolution  by  a  factor  of  the  re¬ 
fractive  index  of  the  immersion  fluid,  provided  that  the  lens 
is  suitably  modified.  At  193  nm,  water  is  a  very  attractive 
immersion  fluid  with  a  refractive  index  of  1.44  at  193  nm 
[13].  The  simple  addition  of  a  prism  to  the  interferometric 
arrangement  of  Fig.  2(b)  allows  investigation  of  immersion 
IL.  In  the  simplest  configuration,  a  drop  of  water  is  placed 
on  t,he  wafer  and  the  wafer  and  water  are  raised  till  the  water 
contacts  the  uncoated  prism  and  forms  a  high  quality  optical 
component.  More  elaborate  automatic  fill  and  dry  systems 
will  be  used  in  manufacturing  applications. 

An  example  of  a  45 -nm  half- pitch  immersion  IL  pattern 
is  shown  in  Fig.  3.  After  the  immersion  exposure  the  sample 
was  baked  to  activate  the  chemically  amplified  resist  and  de¬ 
veloped  in  a  standard  basic  solution.  More  details  are  pro¬ 
vided  elsewhere  [14],  [15]. 

Polarization  is  a  very  important  parameter  at  the  steep  an¬ 
gles  in  the  resist  enabled  by  immersion  [16],  For  TE  polar¬ 
ization,  as  indicated  by  (1),  the  hinge  visibility  [(/max  — 
/min ) /( fmax  +  Im in)]  is  unity  independent  of  the  half-pitch. 
However,  for  TM  polarization,  the  fringe  visibility  decreases 
as  the  half-pitch  is  decreased  as  a  result  of  competition  be¬ 
tween  the  out-of-phase  E l  and  El  contributions  to  the  in¬ 
tensity.  At  an  interference  angle  of  45°  in  the  resist,  these 
two  terms  are  equal  and  opposite  in  phase  and  the  visibility 
goes  to  zero.  For  larger  interference  angles,  the  line-space 
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Fig.  4.  Aerial  image  contrast  in  photoresist  as  a  function  of  half-pitch. 

pattern  is  inverted.  Fig.  4  shows  the  simple  calculation  of 
the  fringe  visibility  for  the  parameters  indicated.  The  cusp  at 
~40  nm  corresponds  to  the  inversion  of  the  pattern— the  in¬ 
terchange  of  lines  and  spaces.  The  minimum  half-pitch  avail¬ 
able  with  a  1 93-nm  source  and  water  as  the  immersion  liquid 
is  33.5  nm;  if  a  higher  index  liquid  becomes  available,  the 
glass  of  the  lens  sets  the  limit  at  3 1.3  nm.  With  a  higher  index 
glass  as  the  final  lens  element,  smaller  half-pitch  patterns  are 
available.  Clearly,  the  reduction  in  tine  fringe  contrast  and  the 
line  :  space  inversion  will  require  some  form  of  polarization 
control  for  imaging  these  small  half-pilch  patterns. 

C.  Multiple-Exposure  Interference— Complex  2-D  Patterns 

Simple  two-beam  interference  produces  an  array  of  uni¬ 
formly  spaced  parallel  lines  covering  the  exposure  area, 
e.g.,  a  simple  grating.  By  combining  multiple  such  gratings, 
structures  of  significant  complexity  can  be  constructed 

[17] .  Fourier  analysis  tells  us  that  any  pattern  consists  of 
a  summation  of  periodic  patterns.  A  seemingly  small,  but 
important,  difference  between  IL  and  a  Fourier  expansion  is 
the  dc  level  that  accompanies  each  exposure,  cf.  (1),  since 
the  exposure  intensity  must  be  positive  for  all  positions.  The 
consequence  is  that  the  dc  level  increases  with  the  number 
of  exposures  and  for  a  large  number  of  exposures,  the  result 
is  a  perfect  aerial  image  of  the  desired  pattern  riding  atop 
a  large,  uniform  exposure  level.  This  loss  of  contrast  in  the 
image  is  an  inevitable  consequence  of  summing  incoherently 
related  images  and  is  the  same  reason  that  the  contrast  is 
lower  in  incoherent  imaging  than  it  is  in  coherent  imaging 

[18] .  Today’s  photoresists  are  quite  nonlinear,  giving  an 
approximately  sigmoidal  response  such  that  every  location 
above  (below)  a  certain  threshold  is  removed  (retained)  on 
development.  To  a  point,  this  nonlinear  response  can  ame¬ 
liorate  this  uniform  exposure  issue  and  restore  the  pattern. 
However,  eventually  the  uniform  exposure  becomes  too 
large  relative  to  the  image  information,  and  pattern  details 
are  lost. 

Notwithstanding  this  complexity  limitation,  there  are 
many  useful  structures  readily  available  with  multiple  expo¬ 
sure  techniques.  The  simplest,  and  perhaps  the  most  useful. 
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l  atent  Image  Grating 

Fig.  5.  Experimental  configuration  for  projection  moir6  alignment  The 
two  beams  are  incident  on  the  photoresist  image  produced  in  the  first  expo¬ 
sure,  or  on  a  predefined  grating  pattern.  The  angles  are  adjusted  so  Lhat  there 
is  only  a  single  fringe  across  the  illuminated  area  (sets  the  period),  and  the 
sample  translation  is  adjusted  so  that  the  fringe  is  at  maximum  brightness 
(sets  the  phase). 

is  the  square  array  2-D  pattern  obtained  by  carrying  out  one 
IL  exposure,  rotating  the  sample  by  90°,  and  performing 
a  second  exposure.  For  low  exposure  doses  in  a  positive 
photoresist,  such  that  neither  exposure  alone  is  sufficient  to 
clear  the  resist  during  developing,  the  result  is  a  2-D  array  of 
holes;  at  higher  exposure  doses  where  each  exposure  clears, 
the  result  is  a  2-D  array  of  posts.  For  a  negative-tone  resist, 
the  occurrence  of  holes  and  posts  are  reversed.  Details  of 
the  pattern,  such  as  the  sidewall  angle,  are  sensitive  to  the 
exposure  dose  and  need  to  be  optimized  in  any  application 
[191. 

Another  simple,  but  important,  application  of  multiple  ex¬ 
posures  is  to  reduce  the  density  of  a  pattern  while  retaining 
the  small  size  capability  that  is  inherent  in  small-pitch  pat¬ 
terns.  Again,  the  idea  is  quite  simple,  expose  a  first  pattern  at 
a  period  pi  —  p  with,  for  example,  equal  line  :  space  dimen¬ 
sions  and  a  critical  dimension  (CD)  or  pattern  size  of  p/2, 
then  expose  the  same  area  again  at  a  period  of  p o  =  p/2,  For 
a  positive  photoresist,  the  result  is  a  pattern  with  a  period  of 
p  and  a  CD  of  p/4.  Two  constraints  that  have  to  be  achieved 
for  this  approach  to  be  successful  are  matching  of  the  periods 
and  adjusting  the  alignment  between  the  two  patterns.  The 
linear  dimension  of  the  final  pattern  L ,  perpendicular  to  the 
lines  over  which  the  patterns  are  in  phase,  depends  critically 
on  the  deviation  of  the  two  periods  S  —  2pa  —  Pi  and  is  given 
by  L  ~  PiPi/fi-  Fortunately,  by  using  diffraction  from  the  la¬ 
tent  image  of  the  first  exposure  (or  from  a  predefined  grating 
pattern  alignment  mark)  it  is  possible  to  derive  a  feedback 
signal  to  allow  setting  both  the  frequency  and  the  phase  of 
the  second  exposure  with  the  necessary  precision  to  cover  a 
large  area,  as  illustrated  in  Fig.  5  [20].  The  basic  concept  is  to 
monitor  the  interference  between  two  diffracted  beams,  one 
from  each  input  beam  over  across  the  exposure  area.  This 
can  either  be  done  at  low  intensity  over  the  entire  area,  or  at 
higher  intensity  with  the  sacrifice  of  a  small  portion  of  the 
final  pattern  using  large-area  masks.  The  goal  is  to  set  the 
input  angles  on  the  second  exposure  so  rfiat  a  single  fringe  of 


the  interference  pattern  extends  over  the  entire  exposure  area 
(this  sets  the  period,  e.  g.  6  — ►  0)  and  then  to  adjust  the  phase 
of  that  pattern  (light  or  dark — this  sets  the  relative  phase  of 
the  two  patterns).  As  a  result  of  the  moire  spatial  amplifica¬ 
tion  of  the  pitch  differential  (small  pitch  mismatches  translate 
into  large,  easily  measured,  distances)  this  alignment  tech¬ 
nique  has  general  applicability  across  nanoscale  fabrication. 

D.  Multiple-Beam  Interference — 2-D  and  3-D  Patterns 

Adding  more  input  beams  to  an  IL  exposure  is  another  di¬ 
rection  toward  increasing  the  flexibility  of  the  technique  and 
the  complexity  of  the  patterns  that  can  be  achieved.  The  sim¬ 
plest  example  is  to  use  four  beams,  two  oriented  at  ±6  in  the 
x  direction  and  two  at  ±6  in  the  y  direction.  If  orthogonal  po¬ 
larizations  are  used  for  the  two  directions,  this  is  identically 
equivalent  to  the  process  for  defining  a  square  array  in  the 
previous  section,  with  higher  throughput,  since  the  two  ex¬ 
posures  are  simultaneous  rather  than  sequential  and  without 
the  need  for  a  rotation  of  the  wafer. 

If  all  of  the  interfering  beams  are  inclined  at  the  same  angle 
to  the  surface  normal,  the  resulting  aerial  image  is  again  in¬ 
dependent  of  the  position  of  the  wafer;  however,  if  the  beams 
are  at  different  angles,  the  aerial  image  is  no  longer  invariant 
along  the  z  direction  and  the  placement  of  the  wafer  be¬ 
comes  important.  For  a  small  number  of  beams,  the  pattern 
is  periodic  along  z,  as  the  number  of  beams  increases  to  a 
continuum,  the  periodicity  along  z  tends  toward  infinity  and 
the  familiar  result  of  a  single  focal  plane  for  an  imaging 
system  results.  A  simple,  but  useful,  example  is  the  addi¬ 
tion  of  a  normal  incidence  beam  along  with  the  two  offset 
beams  of  two-beam  interference.  Assuming  TE  polarization, 
the  straightforward  generalization  of  (1)  is 

/(.%• ,  z)  =  | E |l  2  | o ~  **~  +  sin B + c~ ikr  *in 6 )e ~lkz  coa 8 1 2 

=  \E\2  [3+4 cos (fcr sin 6)  cos  [fcz(l— cos#)] 

+2  cos(2 kx  sin  0)] .  (2) 

Forz  positions  where  the  second  term  vanishes,  the  aerial 
image  is  very  similar  to  that  of  two-beam  interference  with 
an  additional  dc  bias.  However,  at  z  positions,  such  as  z  —  0, 
where  the  second  term  is  at  a  maximum,  only  alternate  lines 
survive.  The  result  is  a  set  of  lines  for  a  one-dimensional 
(1-D)  exposure  with  a  linewidth  comparable  to  the  dense 
pattern,  but  with  a  twice  the  separation,  e.g.,  a  sparse  array. 
For  some  applications,  for  example  for  field-emitter  tips  for 
displays,  there  are  important  advantages  to  the  sparse  pat¬ 
tern  [19].  Fig.  6  shows  the  aerial  images  for:  (a)  a  two-beam 
interference  at  a  period  of  2p  from  (1);  (b)  the  three-beam  in¬ 
terference  for  z  =  0  (spaced  at  2 p  but  with  a  linewidth  com¬ 
parable  to  p/ 2);  and  (c)  the  three-beam  interference  where 
the  second  term  vanishes  (period  of  p).  The  smaller  pattern 
feature  size  for  the  three  beam  exposure  is  evident. 

The  variation  in  the  z  direction  also  offers  the  possibility 
of  patterning  a  full  3-D  pattern  in  a  single  exposure  or  set  of 
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Position 


Fig.  6.  Aerial  image  intensity:  (a)  for  a  two-beam  exposure  at  twice  the 
period  and  (b)— (c)  at  two  positions  in  r  for  a  three-beam  exposure.  The  50% 
Imcwidths  are  indicated.  The  three  beam  exposure  offers  a  smaller  linewidth 
with  the  same  period  as  the  two-beam  exposure. 


exposures.  This  possibility  will  be  discussed  in  more  detail  in 
Section  IV-D I  as  part  of  the  discussion  of  photonic  crystals. 

£,  Mix- and- Match  Approach  to  Complex  Structures 

Another  straightforward  strategy  is  to  use  1L  to  provide 
large-area  periodic  patterns  and  then  to  use  another  litho¬ 
graphic  technique  to  add  either  a  small  area  customization 
(for  example,  a  defect  in  a  photonic  crystal)  or  large-area 
aperiodic  structures  (for  example,  contact  pads  and  integra¬ 
tion  with  standard  microfabrication).  In  a  preliminary  inves¬ 
tigation  of  this  approach,  narrow  lines  (~200  nm)  produced 
by  TL  were  placed  atop  a  sparse  array  of  much  larger  lines 
(2  pm)  produced  by  conventional  lithography  for  electrical 
test  structures  [21].  Fig.  7  shows  the  result.  Fig.  7(a)  shows 
a  scanning  electron  micrograph  (SEM)  of  the  final  struc¬ 
ture:  the  narrow  line  produced  by  IL  is  shown  atop  the  wider 
pad  defined  by  optical  lithography;  the  next  line  over  misses 
the  pad  and  has  no  effect  on  the  measurement.  Fig.  7(b) 
shows  the  variation  of  the  alignment  across  the  1-cm-wide 
die.  There  is  a  period  mismatch  along  with  random  errors. 
The  period  mismatch,  which  corresponds  to  a  &p/p  ~  6  x 
10  J,  could  be  eliminated  with  an  adjustment  of  the  IL  pitch, 
the  random  errors,  with  a  3a  of  only  ~140  nm,  likely  arise 
from  placement  errors  in  the  optical  lithography  mask. 

Fig.  8  shows  another  mix-and-match  combination  of 
optical  and  interferometric  lithographies.  This  was  an  alter¬ 
native  approach  to  address  the  sparse  pattern  issue  discussed 
above  in  the  context  of  field-emitter  displays  [19].  For  this 
integration  process,  a  two  lithography-step  sequence  was 
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Fig.  7.  Demonstration  of  the  integration  of  01.  and  IL  for  an  electrical 
lest  structure  pattern,  (a)  SRM  of  the  placement  of  a  narrow  line  defined  by 
U.  (200  nm  on  a  2-//m  pitch)  atop  a  wider  electrical  text  structure  pattern 
defined  in  a  separate  OL  step,  (h)  Variation  of  the  placement  across  a  1  -cm- 
wide  die.  The  variation  consists  of  a  slight  misadjustment  of  the  period  (~ 
6  x  10~  \  dashed  line  in  the  figure)  and  a  random  error  shown  in  the  bottom 
part  of  the  figure  with  a  3<x  of  140  nm. 


Fig.  8.  Sparse  array  of  holes  produced  by  a  combination  of  optical  and 
interferometric  lithographies,  (a)  OL  first,  IL  second,  (b)  II  first,  OI  second. 
In  both  cases,  the  first  pattern  was  etched  into  an  oxide  him  and  the  second 
pattern  was  defined  in  a  separate  lithography  step. 


developed  using  a  sacrificial  silicon  dioxide  layer.  A  first 
lithography  step,  either  optical,  OL,  as  in  (a)  or  interfero¬ 
metric,  IL,  as  in  (b),  was  carried  out  and  the  results  were 
etched  into  the  sacrificial  layer.  Then,  a  second  lithography 
step,  using  the  other  lithography  technique  was  carried  out 
to  isolate  every  other  hole  in  the  pattern.  Alignment  was 
carried  out  with  a  grating  surrounding  the  pattern.  In  (a),  a 
period  and  phase  adjustment  very  similar  to  that  described 
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above  was  carried  out.  In  (b),  the  alignment  was  performed 
using  standard,  preprinted  alignment  marks. 


F.  Nonlinear  Process  in  Lithography  and  Spatial 
Frequ  ency  Mu  I  tip  lie  at  ion 

As  noted  in  the  introduction,  the  spatial  frequencies  of  the 
developed  pattern  can  extend  well  beyond  the  2n/X  bandpass 
limits  of  optics  as  a  result  of  nonlinear  processes  in  the  expo¬ 
sure,  development  and  processing — e.g.,  resulting  in  trans¬ 
forming  a  sinusoidal  aerial  image  to  a  square  wave  developed 
resist  pattern.  Modem  resists  are  engineered  to  be  highly 
nonlinear — that  is  to  exhibit  a  sharp  threshold  between  ex¬ 
posed  and  unexposed  regions.  Indeed,  this  is  an  all-important 
characteristic  that  has  aJ lowed  the  development  of  many  of 
the  resolution  enhancement  techniques  such  as  optical  prox¬ 
imity  correction  and  phase  shift  masks  that  are  routinely  em¬ 
ployed  by  the  IC  industry. 

These  nonlinear  concepts  are  likely  to  extend  the  reach  of 
optical  lithography  by  another  factor  of  at  least  two,  or  to 
scales  of  ~20-  to  10-nm  with  a  193-nm  source.  Further  sim¬ 
ilar  extensions  by  integral  factors,  3,  4,  . . .,  are  possible  but 
will  be  increasingly  difficult  as  a  result  of  process,  uniformity 
and  edge  roughness  issues. 

In  the  previous  section,  we  showed  that  the  optical  system 
bandpass  limits  the  1-D  pattern  density  in  a  single  exposure 
to  ~  A/NA,  while  the  non  linealities  in  the  processing  result 
in  higher  harmonics  extending  in  spatial  frequency  well  be¬ 
yond  the  diffraction  limits  of  (l).  These  nonlinearities  can 
be  used  to  extend  the  available  pattern  density  [22],  leading 
to  the  claim  that  “there  is  no  fundamental  limit  to  optical 
lithography— there  are  only  process  control,  uniformity  and 
surface  roughness  issues”  [1].  The  key  is  to  apply  the  non- 
linearities  between  exposure  steps  and  combine  images  in 
such  as  way  as  to  reduce  or  eliminate  the  lower  frequency 
components,  leaving  the  higher  density  of  structures.  This 
is  variously  know  as  spatial  period  division  or  spatial  fre¬ 
quency  multiplication  depending  on  whether  the  focus  is  on 
real  space  (division)  or  frequency  space  (multiplication). 

A  l-D  example  of  a  spatial  period  division  is  shown  in 
Fig.  9  to  illustrate  the  general  concept.  The  top  panel  (a) 
shows  a  photoresist  pattern  atop  a  sacrificial  layer  on  a  sub¬ 
strate.  The  period  of  the  pattern  is  limited  by  the  optics  to 
A/2NA;  the  CD,  in  contrast,  is  not  limited  by  the  optics  and 
is  chosen  to  be  less  than  A/8NA.  This  does  not  violate  any 
optical  limits  and  is,  indeed,  common  practice  in  IC  man¬ 
ufacturing  where  the  transistor  gate  length  is  less  than  1/2 
the  pattern  period  (e.g.,  50-nm  gates  for  a  180-nm  period 
in  today’s  microprocessors).  In  (b),  the  photoresist  pattern 
has  been  transferred  into  the  sacrificial  layer.  In  (c),  a  second 
photoresist  layer  has  been  spun,  exposed  and  developed.  The 
period  and  CD  is  the  same  as  in  the  first  case,  but  the  pattern 
has  been  shifted  by  A/4NA  to  interpolate  the  second  pattern 
with  the  first.  Finally  this  pattern  is  also  transferred  into  the 
sacrificial  layer  [Fig.  9(d)],  that  layer  is  then  used  as  a  mask 
to  transfer  the  total  pattern  into  the  substrate  layers,  and  fi¬ 
nally  the  sacrificial  layer  is  removed  leaving  a  final  pattern 


a)  Developed  Resist 

Sacrificial  Layer  \ 

p  -  7J2NA  \ 

in  i 


b)  Etched  Space 


c) 


d) 


e)  p  ~  A/4  NA 


Fig.  9.  Illustration  of  process  How  for  spatial  period  division,  (a)  Expose 
a  develop  a  line:  space  pattern  with  the  I  i  new  id  t  h  <  p/4  whh  p  the  pilch, 
(b)  Transfer  this  pattern  into  a  sacrificial  layer,  (c)  Expose  and  develop 
a  second  photoresist  layer  with  the  same  pattern,  but  shifted  by  p/2. 
(d)  Transfer  this  pattern  into  the  sacrificial  layer,  (e)  Transfer  the  composite 
pattern  into  the  wafer,  resulting  in  a  spatial  frequency  doubled  pattern  at 

vi  2. 


at  a  period  of  A/4NA,  twice  as  dense  as  the  single  exposure 
optical  limit. 

The  mathematics  follows  simply 

T(x)=N[I1(x))®N[I2(x)] 


t  A 


The  result  is  the  combination  of  two  exposures  with  the 
non  linearities  applied  to  each  exposure  independently.  The 
symbol  used  to  represent  the  combination  is  left  ambiguous; 
in  this  case,  the  combination  is  simple  addition.  In  another 
case — for  example,  the  use  of  two  resist  layers  sensitive  at 
different  wavelengths — it  might  be  multiplication.  The  p/4 
phase  shift  of  the  second  exposure  results  in  a  factor  of  (  — 1)/ 
in  the  Fourier  coefficients,  with  the  net  result  that  all  of  the 
odd  terms  cancel  leaving  a  sin(x)  jx  pattern  at  twice  the  orig¬ 
inal  pitch  or  half  the  period. 

This  spatial  frequency  multiplication  concept  applies 
equally  to  arbitrary  patterns  as  to  the  periodic  grating  pattern 
discussed  here.  The  parsing  of  the  pattern  into  two  masks 
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Table  1 

ITRS  Requirements  and  (Imaging)  I L  Capabilities 


Year  ofVol. 
Mnnufac, 

Half-Pitch 

(nm) 

IL  Approach 

IL  Limit 

(nm) 

(periodic) 

IIL  Limit 
(nm) 

(arbitrary) 

2007 

65 

Air  immersion 

48 

64 

2010 

45 

ThO  immersion 

34 

45 

2013 

32 

HI*  immersion 

27 

36 

Air  immersion^  Freq.  Doubling 

24 

32 

2016 

22 

FLO  immersion  &  Freq.  Doubling 

17 

23 

2019 

16 

111*  immersion  &  Freq.  Doubling 

12 

16 

IFO  immersion  &  Freq,  Tripling 

12 

16 

v  u  s  ;  11 R S  f  dmap  i  u  :n  oil 

*  Hi  High  Index.  immersion  (aanmuig  both  an  tmmeraon  liquid  index  and  a  glass  index  or  I  X  y  1CJ3  nm). 


becomes  a  simple  coloring  problem,  with  the  design  rule  that 
no  two  features  on  a  mask  can  be  closer  than  twice  the  final 
pitch  (adjusted  for  the  system  magnification).  An  important 
difference  between  the  arbitrary  and  periodic  pattern  cases 
is  that  for  a  periodic  pattern  the  aerial  image  contrast  is 
uniform  across  the  pattern,  and  all  that  is  necessary  to  ensure 
a  uniform  final  pattern  is  to  arrange  for  a  uniform  illumi¬ 
nation;  in  contrast,  for  an  arbitrary  image  the  aerial  image 
contrast  inherently  varies  across  the  pattern  and  additional 
measures,  such  as  optical  proximity  correction,  to  create  a 
more  uniform  image  contrast  to  maintain  the  uniformity  of 
the  nonlinear  processes  are  necessary. 

In  principle,  this  process  can  be  repeated  multiple  times, 
for  integer  spatial  frequency  multiplications — 3,  4,  . . ..  The 
alignment  requirements,  the  image  uniformity  requirements, 
and  the  difficulties  of  minimizing  edge  roughness  of  the  re¬ 
sulting  patterns  will  ultimately  provide  a  practical  limit  [23], 

This  discussion  has  so  far  omitted  the  important  issue  of 
alignment  between  these  multiple  exposures.  For  the  peri¬ 
odic  pattern  case,  the  image  being  printed  is  a  large  grating, 
as  is  well  known,  the  angular  resolution  of  a  grating  scales  as 
the  number  of  lines  in  the  grating  so  that  alignment  schemes 
based  on  moir6  interference,  as  discussed  above,  offer  an  ap¬ 
proach  to  alignment  [24].  Optical  aberrations  and  other  con¬ 
tributions  to  wavefront  distortion  will  introduce  positional 
errors  and  limit  the  ability  to  interpolate  patterns.  These  is¬ 
sues  need  to  be  investigated  before  the  ultimate  feasibility 
of  these  spatial  frequency  multiplication  schemes  can  be  as¬ 
sessed. 

G.  Limits  of  I L 

The  semiconductor  industry  maintains  a  15-year  plan, 
the  International  Technology  Roadmap  for  Semiconductors 
(ITRS)  [25],  that  projects  forward  and  tries  to  match  industry 
manufacturing  requirements  (scaled  with  a  Moore’s  law  0.7 
linear  dimension  shrink  every  three  years)  with  available 
and  projected  technologies.  Table  1  compares  the  industry 
requirements  as  defined  in  the  ITRS  with  the  scales  available 
from  IL  and  from  imaging  IL  (IIL)  (discussed  below). 

For  periodic  patterns,  as  used  in  development  of  many 
Si  manufacturing  processes,  the  65-nm  hp  (half-pitch)  re¬ 
quirements  are  met  with  IL  without  the  need  for  immersion 
techniques.  For  the  45-run  hp  node,  water  immersion  is  suit¬ 
able  as  demonstrated  in  Section  U-B  above.  Two  alterna¬ 
tives  are  indicated  for  reaching  the  32-nm  hp  node:  use  of 


a  higher  index  matching  fluid  (and  a  higher  index  final  glass 
element  as  well),  here  assumed  as  an  index  of  1.8,  or  a  fre¬ 
quency-doubling  step  from  the  65-nm  node.  Of  course,  fre¬ 
quency  doubling  from  the  45-nm  H2O  immersion  result  is 
possible  as  well.  Spatial  frequency  doubling  from  the  45-nm 
hp  node  will  access  the  22-nm  node.  Finally,  the  16-nm  half- 
pitch  node  can  be  accessed  either  by  frequency  doubling 
from  the  high  index  version  of  the  32-nm  node,  or  by  fre¬ 
quency  tripling  from  the  45-nm  hp  H2O  immersion  node. 
This  table  gives  the  very  simply  derived  optical  limits.  As  dis¬ 
cussed  above,  issues  of  line-edge  roughness,  alignment,  and 
wavefront  distortion  are  significant  and  must  be  carefully  in¬ 
vestigated  to  determine  ultimate  feasibility.  Nonetheless,  this 
simple  analysis  is  sufficient  to  justify  the  claim  that  there  are 
no  fundamental  limits  to  optical  lithography !  Imaging  issues 
(the  right  most  column  in  Table  1)  will  be  briefly  discussed 
in  Section  IIL 

H.  Directed  Self-Assembly 

While  the  above  statement  about  the  optical  limits  of 
lithography  is  correct,  the  issues  associated  with  line-edge 
roughness,  photoresist  mechanical  properties,  alignment, 
and  wavefront  flatness  will  get  continuously  more  difficult. 
Self-assembly  is  a  very  attractive  alternative  for  extending 
Line  spatial  scales  to  subnanometer  dimensions.  Directed 
self-assembly  using  the  properties  of  nanoscale  particles 
and  of  molecular  moieties  is  an  attractive  alternative  as  the 
lithographic  scale  decreases  below  ~20  to  10  nm  that  both 
addresses  the  need  for  smaller  features  (extending  to  the 
nanometer  regime  and  below)  and  retains  the  exquisitely 
wide  scale — from  centimeters  to  nanometers  of  existing 
optical  lithography  [26]. 

One  example  of  a  directed  self-assembly  process  is  shown 
in  Fig.  10  which  shows  ~50-nm  silica  particles  assembled 
into  trenches  etched  into  a  Si  substrate  [27],  [28].  This  is  a 
very  flexible  process  that  can  be  used  to  produce  nanochan¬ 
nels  with  controlled  porosity  and  even  multilevel  structures 
as  shown  in  Fig.  1 1 , 

IIL  TIL 

Optical  lithography  is  the  only  technology  that  has  been 
used  for  volume  manufacturing  throughout  the  history  of 
the  IC.  The  parallel  nature  of  lithography  in  which  an  en¬ 
tire  image  is  transferred  in  a  single  exposure  is  the  primary 
reason  for  this  dominance.  It  now  seems  apparent  that  optical 
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Fig.  10.  Examples  of  directed  self-assembly  of  ~50-nm  diameter  silica 
particles  into  patterns  defined  in  an  SiOa  layer.  The  particles  are  deposited 
by  spin  coaling  a  colloidal  suspension  of  particles  onto  an  IL  patterned 
wafer.  Both  1-D  and  2-D  patterns  are  shown.  The  perfection  of  the  depo¬ 
sition  is  impacted  by  the  particle  size  distribution. 

lithography — with  the  extension  of  water  immersion — will 
continue  as  the  primary  manufacturing  technology  at  least 
through  the  45-nm  half-pitch  node. 

Arbitrary  images,  in  principle  containing  as  many  spatial 
frequencies  as  there  are  pixels  in  the  image,  are  significantly 
more  difficult  to  produce  than  the  simple,  single  spatial 
frequency  periodic  images  of  IL.  The  scale  of  features 
produced  is  smaller  than  the  resolution  limits  of  traditional 
imaging,  and  many  very  sophisticated  techniques  have  been 
introduced  to  extend  the  range  of  feature  sizes  that  can  be 
produced.  Optical  proximity  correction,  adding  additional 
subresolution  features  to  the  mask  to  impact  the  diffraction 
limited  image,  off-axis  illumination,  and  phase  shift  masks 
have  been  extensively  discussed  in  the  literature  and  are  not 
covered  here  [29]— [3 1], 

IIL  [32]— [34]  is  an  approach  to  resolution  enhancement 
that  includes  both  extreme  off-axis  illumination  (tilt  of  a 
coherent  illumination  source  to  the  edge  of  the  image  pupil 
plane)  with  spatial  filters  to  assure  uniform  coverage  of 
frequency  space.  This  ensures  that  the  maximum  spatial 
frequency  available  to  the  optical  system  is  accessed  (cor¬ 
responding  to  the  interference  between  coherent  beams 
originating  across  the  diameter  of  the  pupil).  In  order  to  print 
these  frequencies  in  both  the  x  and  y  spatial  directions  of 
the  image,  both  the  offset  direction  and  the  pupil  filter  have 
to  be  rotated  by  90°.  Finally,  to  restore  a  telecentricity  to  the 
image  so  that  deviations  from  precise  focus  can  be  tolerated, 
additional  exposures  with  illumination  from  the  opposite 
sides  of  the  pupil  are  required.  This  can  all  be  automated 
within  the  tool  so  that  exposure  times  are  not  impacted  by 
these  multiple  exposures.  An  important  advantage  of  IIL 
for  hyper-NA  immersion  exposures  is  that  the  polarization 


Fig.  1 1.  Multilevel  directed  sell-assembly  of  silica  nanopartieles  to  form 
multilevel  nanofluidic  channels. 


of  the  source  can  be  adjusted  at  each  exposure  to  ensure 
that  the  optimal  (TE)  polarization  is  used  for  both  the  x 
and  y  offsets.  This  is  more  difficult  to  accommodate  with 
phase-shift  mask  approaches  to  accessing  the  limits  of  image 
frequency  space. 

Both  OPC  and  PSM  techniques  significantly  complicate 
the  mask  and  increase  mask  costs  that  are  becoming  compa¬ 
rable  to  or  even  larger  than  tool  costs  in  a  cost-of-ownership 
calculation.  IIL  uses  simpler  binary  masks  and  mini¬ 
mizes  the  need  for  OPC;  this  can  be  an  important  cost 
savings — particularly  for  small  lots  as  in  ASIC  production 
or  during  initial  product  development  cycles  with  frequent 
mask  replacements. 

The  resolution  limits  for  arbitrary  patterns  are  not  as  small 
as  for  periodic  patterns  as  a  result  of  the  need  to  capture  the 
pattern  information  in  the  sidebands  around  the  fundamental 
half-pitch  frequency  [35].  This  reduction  in  resolution  is  pat¬ 
tern  dependent,  a  factor  of  13%  reduction  was  assumed  for 
the  final  column  of  Table  1.  Fig.  12  shows  simulations  for 
some  of  the  nodes  in  Table  1.  For  the  65- and  45-nm  hp  node, 
the  fidelity  of  the  image  is  quite  good  [36].  For  the  nodes  in¬ 
volving  spatial  frequency  multiplication,  the  variation  of  the 
contrast  etcross  the  image  causes  more  distortion  of  the  pat¬ 
tern.  This  could  be  addressed  with  additional  OPC  features; 
some  relatively  minor  OPC  has  already  been  applied  for  the 
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Fig.  12.  S im ul alio n  of  the  upcoming  ITRS  nodes  with  193-nm  based  op¬ 
tical  lithography. 


modeling  of  the  22-nmhp  node  in  Fig.  12  [37].  The  important 
result  is  that  there  is  a  path  for  extending  1 93-nm  based  op¬ 
tical  lithography  all  the  way  to  the  1 6-nm  node  with  relatively 
small  changes  to  current  optical  lithography.  Investigations 
are  currently  underway  toward  a  number  of  less  evolutionary 
alternatives:  EUV;  maskless;  and  nanoimprint  lithographies. 
Ultimately,  the  manufacturing  decision  will  be  based  on  eco¬ 
nomics — the  most  cost-effective  solution — including  all  fac¬ 
tors  such  as  throughput  and  yield — will  be  adopted  by  the 
industry. 

IV.  APPLICATIONS  OF  IL 

Periodic  patterns  are  suitable — and  even  desirable — for 
many  experimental  nanoscience  investigations.  The  obvious 
example  is  a  photonic  crystal  for  which  periodicity  is  the 
primary  attribute.  In  many  cases,  an  important  requirement 
is  on  the  overall  sample  area.  For  example,  for  the  study 


of  nanoscale  epitaxial  crystal  growth,  it  is  critical  to  have 
large-area  samples  for  detailed  characterization,  since  many 
semiconductor  material  probes  require  large-area  samples. 

IL  provides  a  unique  capability  for  the  inexpensive  fab¬ 
rication  of  large-area  samples  with  nanoscale  features  for 
a  wide  variety  of  nanoscience  investigations.  Because  IL 
is  maskless,  it  is  a  simple  matter  to  change  periodicities, 
pattern  symmetries,  line  :  space  ratios,  and  other  pattern  de¬ 
tails.  These  periodic  patterns  find  extensive  applicability  in 
nanoscale  epitaxial  growth,  in  investigations  of  nanofluidics 
and  of  interaction  of  biomolecular  species  at  the  nanoscale, 
in  nanomagnetics,  and  in  nanophotonics,  among  others. 
Space  does  not  permit  a  full  recitation  of  each  of  these 
areas.  A  brief  overview  of  each  of  these  areas  is  presented  to 
illustrate  the  broad  range  of  investigations  enabled  by  IL. 

A.  Nanoscale  Epitaxial  Growth 

Epitaxial  growth  of  semiconductors  continues  to  have 
an  enormous  impact  on  the  development  of  information 
technology.  The  traditional  paradigm  of  epitaxial  crystal 
growth  begins  with  a  nearly  perfect  crystalline  template  (the 
substrate)  upon  which  new  materials  are  deposited  in  atomic 
registry  with  exquisite  atomic-level  control  in  the  growth 
direction  and  with  no  control  whatsoever  in  the  transverse 
dimensions.  When  materials  with  a  lattice  mismatch  of  more 
than  ^0.1%  are  combined,  a  large  strain  energy  builds  up 
and  a  prohibitively  high  defect  density  results.  The  situation 
is  entirely  different  if  the  links  between  the  two  materials 
are  in  the  form  of  an  array  of  “bridges”  of  nanoscale  di¬ 
mensions  [38],  [39].  In  this  case,  3-D  strain  mechanisms 
are  enabled  that  are  forbidden  in  traditional,  large-area 
epitaxy  and  the  lattice  mismatch  strain  can  be  localized  to 
the  growth  interface.  Furthermore,  during  nanoscale  growth 
there  are  significant  modifications  to  fundamental  kinetics 
and  energetics  of  the  crystal  growth  that  lead  to  new  growth 
modalities  that  are  not  available  in  large-area  growth  and  to 
the  nucleation  and  propagation  of  defects  that  allow  defects 
to  be  localized  at  the  growth  interface.  The  dimensionless 
parameters  that  operate  in  nanoscale  growth  are  the  ratio  of 
the  linear  pattern  dimension  to  an  adatom  diffusion  length 
and  to  the  critical  thickness  for  the  generation  of  defects  in 
heterostructure  growth. 

Patterning  can  involve  masking  of  the  growth  surface  with 
a  second  usually  amorphous  material  such  as  SiC>2  or  the  ex¬ 
posing  of  different  crystal  faces  on  the  substrate  with  selec¬ 
tivity  coming  from  preferential  growth  on  one  class  of  facets. 
An  example  of  growth  through  a  SiOo  mask  is  shown  in 
Fig,  13,  which  shows  a  sequence  of  results  for  the  growth 
of  InGaAs  on  GaAs  [40].  Fig.  13(a)  shows  the  starting  sub¬ 
strate  and  45-nm-thick  Si02  growth  mask  patterned  at  a  pitch 
of  355  nm.  Fig.  13(b)  is  an  SEM  surface  after  growth  of  a 
50-nm  GaAs  buffer  layer  and  a  200-nm  Irio.aciGao.94  As  layer. 
Except  for  the  incompletely  filled  hole,  which  was  a  rare  oc¬ 
currence  across  the  2-cm2  sample,  the  surface  is  remarkably 
smooth  and  featureless,  showing  good  coalescence  between 
the  isolated  growth  areas.  Fig.  13(c)  shows  a  low-resolution 
cross-section  TEM.  The  Si02  mask,  the  GaAs  buffer  layer 
growth,  and  the  InGaAs  growth  are  clearly  seen.  There  are 
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Fig.  13.  Nanoscale  epitaxial  growth  of  InGaAs  on  GaAs  over  a  thin  SiOa  mask.  The  top  two  panels  are  SEM  pictures  showing:  (a)  the  iniial  SiOa  mask  and 
(b)  the  smooth  featureless  overgrowth,  (c)  Low-rcsolulion  TEM  showing  the  overgrown  mask  and  the  GaAs  buffer  and  InGaAs  overgrowth,  (d)  High-resolution 
TEM  showing  the  coherent  interface  between  the  growths  and  the  absence  of  any  long  range  defects.  This  InGaAs  layer  is  three  times  the  critical  thickness  for 
blanket  epitaxy. 


no  evident  long-range  defects  such  as  threading  dislocations 
that  would  be  expected  for  blanket  growth,  even  though  the 
InGaAs  layer  thickness  is  three  times  the  critical  thickness 
for  this  lattice  mismatch.  Finally,  Fig.  13(d)  is  a  high-reso¬ 
lution  TEM  of  the  area  within  the  small  square  in  the  center 
of  Fig.  13(c).  The  various  films  are  clearly  identified  and  no 
extended  defect  is  evident.  Both  x-ray  diffraction  and  pho¬ 
toluminescence  measurements  indicate  that  the  InGaAs  film 
is  almost  fully  relaxed.  This  confirms  the  initial  premise  that 
nanoscale  3-D  growth  provides  strain-relief  mechanisms  that 
are  not  available  for  traditional  blanket-film  growth. 

An  example  of  selective  growth  using  crystal  facets  is 
shown  in  Fig.  14,  which  shows  the  growth  of  GaN  on  a 
nanoscale  textured  v-groove  Si  substrate  that  exhibits  both 
(100)  and  {111}  faces  [41],  [42].  Fig.  14(a)  shows  the 
starting  substrate  with  a  pitch  of  355  nm.  Within  a  period, 
two  (100)  faces  and  two  equivalent  {111}  faces  are  exposed. 
Fig.  14(b)  shows  the  result  of  ~75  nm  of  GaN  growth. 
The  GaN  has  nucleated  in  the  hexagonal  phase  on  the  two 
{111}  faces,  as  shown  by  the  opposing  white  arrows  in 
the  figure.  There  are  voids  where  no  material  grows  at  the 
centers  of  both  (100)  faces,  clearly  evincing  the  selective 
nucleation  on  the  { 1 1 1 }  surfaces.  There  is  a  large  density  of 
stacking  faults  (fluctuations  between  hexagonal  and  cubic 
phases)  that  provide  strain  relief  of  the  large  lattice  mis¬ 
match  between  Si  and  GaN.  After  the  growth  proceeds  some 
small  amount,  defect-free  hexagonal  GaN  is  obtained  in  two 
separated  nanocrystals  located  on  each  Si  {111}  face.  As 
the  growth  proceeds,  these  nanocrystals  coalesce,  cutting  off 
the  material  flow  to  the  bottom  facet  and  leaving  the  void. 
Symmetry'  dictates  that  the  GaN  crystal  cannot  maintain  the 
two  opposed  c-axes,  and  as  a  result  a  cubic  symmetry  region 
is  established,  initially  again  with  a  significant  density  of  lo¬ 
calized  stacking  faults.  Fig.  14(c)  shows  a  mapping  of  these 
regions.  Fig.  14(d)  is  a  high-resolution  TEM  in  the  central 


region  clearly  showing  the  stacking  fault  and  cubic  GaN 
regions.  This  spatial  phase  separation  is  a  demonstration 
of  the  radically  new  and  unanticipated  growth  modalities 
available  with  nanoscale  growth. 

B.  Nanoflaidi.es 

Micro  fluidics  has  become  an  important  research  area,  par¬ 
ticularly  for  biological  separations  and  other  investigations. 
Very  complex  systems  are  being  investigated  [43].  Nanoflu¬ 
idic  systems  offer  an  exciting  new  domain.  This  results  be¬ 
cause  the  Debye  screening  length  in  biologically  relevant 
fluids  is  ~5  to  50  nm;  thus,  in  a  nanofluidic  system,  the 
screening  from  the  walls  impacts  the  entire  fluid  volume.  In 
contrast  to  the  situation  in  microfluidic  systems,  where  the 
bulk  of  the  fluid  volume  is  neutral,  in  nanofluidic  channels  the 
entire  fluid  is  charged.  This  makes  it  possible  to  vary'  the  fluid 
conditions  locally  along  the  channel  and  also  strongly  modi¬ 
fies  electro  kinetic  transport,  since  the  electroosmotic  compo¬ 
nent  extends  fully  across  the  channel.  In  this  condition,  the 
fluid  flow  is  modified  from  the  usual  plug  flow  conditions 
and  new  phenomena  are  observed  [44],  [45]. 

Fig.  15(a)  shows  an  integrated  nanofluidic  flow  system 
[46].  Integrated  refers  to  the  multiple  hierarchical  length 
scales  from  mm  for  the  pipette  interfaces  to  ~  100  //,m  for 
the  microchannels  that  run  between  the  pipette  ports  and  the 
~100-nm-wide  nanochannels  which  are  ~J  cm  long.  Thus 
the  fabrication  scales  for  this  chip  extend  over  a  range  of 
10°!  The  nanochannels  were  defined  with  IL,  etched  into  a 
Si  wafer  using  and  then  oxidized  to  isolate  the  fluid  from  the 
Si  and  to  further  narrow  die  nanochannel  dimensions  (SiO-2 
has  a  ~40%  larger  volume  than  the  Si  it  replaces).  The 
remainder  of  the  structure  was  fabricated  with  traditional 
optical  lithography  since  there  are  no  small  features  nor  is 
there  a  critical  alignment  between  the  two  phases  of  the 
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Fig.  14.  CraN  growth  (MOCVD)  on  a  nanoscale  patterned  { 1 1 1 }-{ 100) 
lex  lured  Si  surface,  (a)  Patterned  substrate  with  two  opposing  {111}  faces 
and  two  ( 100)  faces  in  each  .155 -run  period,  (b)  Result  of  a  growth  of  ~75  nm 
of  GaN.  The  GaN  nucleates  in  the  hexagonal  phase  on  the  two  {111}  faces 
with  c-axes  directed  perpendicular  to  the  Si  face,  (c)  Map  showing  the  ma¬ 
terial  evolution.  As  the  two  GaN  nanocrystals  come  together,  symmetry 
dictates  that  a  cubic  region  is  formed.  There  arc  regions  of  stacking  faults 
both  at  the  Si:  GaN  interlaces  and  again  at  the  hex  agonal:  cubic  interfaces, 
(d)  High-resolution  THM  of  the  cubic  region. 


fabrication.  This  is  a  good  example  of  the  mix-and-match 
fabrication  discussed  above. 

C.  Nano  scale  Magnetic  Effects 

There  has  been  substantial  interest  in  the  magnetic  prop¬ 
erties  of  individual  single-domain  nanomagnetic  structures 
as  a  result  of  their  potential  for  increased  storage  density  as 
compared  with  traditional  multidomain  microsimctures  [47], 
[48].  IL  is  a  natural  technology  for  the  definition  of  large 
areas  of  these  patterned  magnetic  materials  [49]— [52].  In¬ 
terest  in  this  area  has  been  stimulated  by  the  development 
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Fig.  15.  (a)  Optical  micrograph  of  an  integrated  nanolluidic  chip  con 

sis  ting  of  pipette  ports,  microchannels  in  a  T  configuration,  and  ~2Q00 
parallel  nanochanncls  (~  I  cm  long  running  from  top  to  bottom  in  the 
figure),  (b)  SEM  micrograph  of  a  cross  section  of  the  nanochannel  array. 
The  channels  are  etched  ~  1  //m  deep  into  Si.  oxidized  to  provide  SiO-. 
isolation  for  the  fluid,  and  capped  with  a  pyrex  cover  slip  using  anodic 
bonding,  (c)  Optical  micrograph  showing  electrokinctic  separation  of  two 
dyes  with  different  charge  states. 

of  lithographically  patterned  multilayer  elements  including 
magnetic  tunnel  junction  (MTJ)  [53]  and  pseudo-spin- valve 
(PSV)  [54],  [55]  elements  that  are  key  components  in  high- 
density  magnetic  RAM  (MR AM)  architectures. 

Superconducting  films  also  show  interesting  phenomena 
in  the  presence  of  a  periodic  perturbation  such  as  an  array 
of  holes.  The  holes  act  as  pinning  sites  for  the  quantized 
magnetic  flux  lines  associated  with  a  superconducting  film. 
At  low  magnetic  fields,  the  flux  lines  are  all  associated  with 
these  pinning  sites  and  the  magnetization  shows  distinctive 
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Fig.  16.  (a)  465-nrn  period  distributed  feedback  grating  etched  into  a  in¬ 

terband  cascade  InAs/GaSb  laser  structure,  (b)  High  resolution  output  spec¬ 
trum  showing  30  d!3  side-mode  suppression. 


structure  when  the  flux  density  is  commensurate  with  the 
density  of  the  hole  array  or  is  an  integral  multiple  of  the  hole 
density  so  that  the  flux  lattice  forms  a  superstructure  locked 
to  the  hole  array  [56].  For  a  large-area  sample,  mismatches 
of  the  crystal  structure  between  grains  nucleated  in  different 
regions  of  the  sample,  quite  analogous  to  grain  boundaries  in 
crystal  growth,  are  observed  [57]. 

D .  Nanooptics  and  N  an  op  ho  ton  i  cs 

Nanophotonics  is  an  obvious  application  area  for  IL.  Often 
the  requirement  is  for  large  areas  of  periodic  or  quasi-peri- 
odic  structures.  Several  immediately  evident  areas  include 
1-D,  2-D,  and  3-D  photonic  crystals  as  well  as  more  com¬ 
plex  periodic,  structures  for  metamaterial  applications  such 
as  enhanced  transmission  and  field  concentration  in  arrays 
of  nanoscale  metallic  structures  (holes  and  toroids)  and  neg¬ 
ative  index  metamaterials. 

I)  Distributed  Feedback  (DFB)/ Distributed  Bragg  Re¬ 
flector  (DBR)/ Photonic  Crystals:  DFB  and  DBR  lasers 
require  simple  1-D  gratings.  The  typical  periodicity  require¬ 
ment  for  a  first-order  grating  is  A/2 n  where  A  is  the  laser 
wavelength  and  n  is  the  modal  index.  For  a  GaAs  laser, 
A  ~  860  nm  and  n  ~  3.5,  so  p  ~  1 25  nm.  As  demonstrated 
earlier  in  this  paper,  immersion  IL  at  193  nm  can  extend  to 
as  small  as  p  ~  67  nm,  covering  the  full  range  of  periods 
of  interest.  Fig.  16  shows  a  typical  result  for  a  mid-IR 
DFB  laser  [58].  Over  30  dB  of  side- mode  suppression  was 
achieved  in  this  initial,  unoptimized  experiment. 

Two-dimensional  photonic  crystals  in  slab  geometries 
have  many  applications  from  waveguiding  [59]  and  photonic 


Fig.  17.  2-D  patterned  Ni  etch  mask  ai  a  hexagonal  lattice  constant  of  405 

nm. 

crystal  lasers  [60]  to  photonic  crystal  light  extraction  [61]. 
The  required  pitch  for  each  of  these  structures  is  similar 
to  that  for  the  DFB  lasers  discussed  above,  since  the  same 
wavelengths  and  materials  are  of  interest.  For  photonic 
crystal  LED  light  extraction,  the  wavelengths  are  shorter 
(~460  nm  for  blue  LEDs)  and  the  refractive  index  is  some¬ 
what  lower  (~2.5)  so  the  required  pitch  is  as  small  as  92 
nm;  again  well  within  the  capabilities  of  immersion  IL. 

There  are  several  approaches  to  the  fabrication  of  2-D 
structures  using  IL,  perhaps  the  easiest  is  to  use  multiple 
two-beam  exposures  with  appropriate  rotation  of  the  wafer 
between  exposures  as  discussed  above  in  Section  II-C. 
Fig.  1 7  shows  an  example  of  a  2-D  hexagonal  pattern  mask 
defined  in  a  Ni  etch  mask  deposited  onto  a  GaN  wafer  with 
a  hexagonal  lattice  parameter  of  405  nm.  Pattern  transfer 
becomes  a  significant  issue  as  the  scale  of  the  pattern  is 
reduced.  Typically,  the  thickness  of  the  photoresist  layer  has 
to  be  reduced  along  with  the  pattern  size  to  avoid  photore¬ 
sist  collapse  issues  on  developing  that  result  from  surface 
tension  forces  as  the  resist  layer  dries.  Ultimately,  this  may 
force  the  adoption  of  a  dry  developing  scheme  or  a  new 
class  of  resist  with  more  structural  rigidity  (higher  Young's 
modulus).  Various  multilevel  resist  schemes  incorporating  a 
hard  mask  layer  are  also  possible  approaches  to  this  issue. 

There  are  at  least  two  approaches  to  3-D  structures. 
Structures  can  be  built  up  in  a  layer-by-layer  fashion,  very 
analogous  to  traditional  semiconductor  manufacturing.  In 
particular,  there  has  been  quite  a  bit  of  attention  devoted  to 
a  woodpile  structure,  with  alternating  layers  of  long  bars 
oriented  in  the  x  and  y  directions  with  each  sequential  layer 
in  the  same  direction  offset  by  1/2  the  pitch  [62].  Most  often 
the  fabrication  has  used  standard  semiconductor  processing 
technologies  [63],  [64].  Alternatively,  using  multiple-beam, 
noncoplanar  IL  the  entire  3-D  photonic  crystal  pattern  can 
be  produced  in  a  single  series  of  exposures  in  a  thick  pho¬ 
tosensitive  material  [65]-[67].  All  14  Bravais  lattices  and 
many  other  space  groups  are  accessible  with  adjusting  the 
number,  intensity  and  polarizations  of  the  various  beams 
[68],  [69].  This  interferometric  technique  has  been  extended 
to  the  fabrication  of  compound  (inter  penetrating)  lattices 
such  as  the  woodpile  structure  and  the  diamond  lattice  [66], 
[70]. 
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Fig.  18.  SEM  pictures  of  the  arrays  of:  (a)  2-D  and  (b)  l-D  staple-shaped 
nanostructures.  The  1  D  samples  are  different  from  the  2-0  sample  in  that 
the  gold  “staples"  arc  continuous  in  the  y  direction  find  the  loops  are  filled 
with  S i 3 N.t . 

2)  Metamaterials  and  Negative  Refractive  Index:  Metals 
naturally  provide  a  negative  permittivity  at  frequencies  below 
the  plasma  frequency  wp  as  a  consequence  of  the  free  elec¬ 
tron  response  function  given  by 


where  7  is  the  electronic  scattering  frequency.  There  is  no 
comparable  naturally  occurring  negative  magnetic  suscepti¬ 
bility.  However,  LC  resonant  (tank)  circuits  provide  a  region 
of  negative  permeability  around  their  resonance  frequency, 
[f  an  ensemble  of  such  resonant  structures  with  dimensions 
much  less  than  the  wavelength  is  aggregated  into  a  material 
with  inter  structure  distances  of  much  less  than  a  wavelength, 
then  an  effective  medium  results  with  a  negative  permeability 
over  a  limited  frequency  range.  The  permeability  in  this  case 
is  dependent  upon  the  properties  of  the  individual  resonances 
and  is  independent  of  the  details,  such  as  periodicity,  of  their 
arrangement  into  a  material.  Such  a  material  is  classified  as  a 
metamaterial.  Its  permittivity  (e)  and  permeability  (/z)  result 
from  the  fabricated  resonant  structures. 

Fig.  18  shows  an  example  of  magnetic  metamaterial  struc¬ 
tures  fabricated  using  IL  [71].  The  major  feature  is  a  loop 
formed  by  shadow  evaporation  over  a  l-D  patterned  Si3N4 
sacrificial  layer  with  a  600-nm  pitch.  In  the  top  panel,  this 
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Fig.  19.  Ex  pc  rum  on  La!  (lop)  and  simulation  (middle)  results  for  the  rellec- 
tiviiy  as  a  function  of  frequency  for  three  different  structures.  The  resonance 
frequency  is  a  function  of  ihc  nanostructure  parameters  and  is  independent 
of  array  period,  which  is  the  same  for  all  three  structures.  The  resonance 
is  observed  only  for  TM  polarization,  i.e.,  incident  magnetic  field  coupled 
into  the  inductive  structure.  Only  one  TH  polarization  result  is  shown.  The 
bottom  panel  shows  the  effective  permeability  extracted  from  the  model  for 
the  highest  frequency  resonance. 


has  been  segmented  into  an  array  of  “staples”  and  the  nitride 
has  been  selectively  removed.  The  bottom  panel  shows  a  l-D 
array  with  the  nitride  still  in  place.  Fig.  19  shows  the  mea¬ 
sured  (top)  and  simulated  (middle)  responses  for  a  number 
of  structures  with  different  structural  dimensions,  but  with 
the  same  pitch.  The  response  is  clearly  dependent  on  the  in¬ 
dividual  structural  parameters  satisfying  the  definition  of  a 
metamaterial.  Finally,  the  bottom  panel  shows  the  perme¬ 
ability  derived  from  the  model  for  the  highest  frequency  res¬ 
onance.  A  region  of  negative  Re(/.z)  is  clearly  established. 
Other  reports  of  negative  permeability  at  1R  frequencies  [72] 
have  relied  on  e-beam  lithography  to  define  the  smallest  fea¬ 
ture  and,  consequently,  have  been  restricted  to  small  samples. 
In  contrast,  this  process  relies  on  deposition  (of  a  dielectric 
spacer  and  of  the  gold  film)  to  define  the  smallest  features 
and  samples  are  several  square  centimeters  in  size,  limited  by 
convenience  of  handling  rather  than  by  cost  and  time  of  pat¬ 
tern  definition.  This  illustrates  one  of  the  major  advantages 
of  a  parallel  optical  lithography  approach  to  nanophotonic 
structures. 

There  is  great  interest  in  the  fabrication  of  negative 
index  materials  [73] — combining  a  negative  permeability, 
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Fig.  20.  (a)  Negative  index  material  at  2  n  m  consisting  of  a  Au/Al203/Au 

tilm  stack  on  a  glass  substrate  perforated  with  a  2-D  array  of  holes  at  a  pitch 
of  CkS  /im.  The  green  shaded  regions  contribute  to  the  permeability  while  the 
blue  shaded  regions  are  responsible  for  the  negative  permittivity,  (b)  SEiM 
micrograph  of  the  structure. 

as  shown  above,  with  a  negative  permittivity  usually  from 
electron  plasma  response  of  a  metal  film.  The  interest  in  this 
topic  has  increased  dramatically  as  a  result  of  the  prediction 
of  important  new  effects,  including  diffractionless  imaging, 
in  such  a  material  [74],  A  particularly  simple  realization 
of  such  a  material,  shown  in  Fig.  20,  is  a  metal/dielec  - 
tric/metal/substrate  multilayer  stack  perforated  by  a  2-D 
hole  array  [75].  For  the  incident  polarization  indicated  in 
the  cartoon,  the  magnetic  response — very'  similar  to  that 
discussed  above — results  from  the  distributed  inductance/ca¬ 
pacitance  associated  with  the  two  separated  metal  films. 
Fig.  21  shows  the  measurement  and  modeling  of  the  refrac¬ 
tive  index,  clearly  showing  a  negative  index  over  a  limited 
wavelength  range.  Importantly,  in  this  experiment,  the  re¬ 
fractive  index  was  obtained  uniquely  from  measurements  of 
both  die  amplitude  and  the  phase  of  both  the  film  reflectance 
and  transmission.  For  the  simulation  the  only  adjustable  pa¬ 
rameter  was  the  electronic  scattering  frequency  in  the  metal 
that  was  taken  as  approximately  3x  the  literature  value  for 
bulk  Au  based  on  fitting  the  transmission  measurements. 
There  is  remarkably  good  agreement  between  the  measure¬ 
ment  and  the  modeling.  There  remains  significant  loss  in  this 
material  with  the  Tm(n)  >  |Re(n)|  across  the  resonance. 
Detailed  investigation  shows  that  for  this  structure  while  the 
permeability  shows  a  resonance  response,  its  real  part  does 
not  become  negative  and  the  negative  index  is  a  consequence 
of  the  combination  of  negative  real  part  of  the  permittivity 
and  a  positive  imaginary  part  of  the  permeability  at  the 
resonance.  More  optimal  structures  have  been  designed 
that  promise  a  significant  improvement  in  the  quality  of  the 
negative  index  material  (|Re(n)/Im(n)|)  [76]. 


Wavelength  (jam) 

Fig.  21.  (a)  Measured  and  (b)  simulated  real  and  imaginary  parts  of  the 

refractive  index  for  the  structure  of  Fig.  15.  There  is  a  region  of  negative 
index  around  2  /an.  The  maximal  real  part  of  the  negative  index  is  around 
—  2  while  the  imaginary  part  is  3  to  4.  indicating  a  signilicunt  loss. 

IL  is  especially  attractive  for  the  fabrication  of  this  class 
of  negative  index  materials.  As  has  been  amply  demonstrated 
earlier,  IL  is  ideally  suited  to  the  fabrication  of  large  arrays 
of  2-D  structures  such  as  the  pattern  of  holes.  The  fabrica¬ 
tion  in  this  case  was  simply  to  create  a  2-D  post  array,  etch 
through  the  underlying  ARC  layer,  and  then  deposit  the  three 
films  sequentially  and  dissolve  away  the  photoresist  to  leave 
the  final  structure.  Sample  dimensions  were  ~  2  x  2  cm2. 
This  simplicity  of  fabrication  of  large  areas  of  materials  of¬ 
fers  promise  both  for  the  detailed  study  and  optimization  of 
these  effects  and  also  for  manufacturing  of  large  areas  of 
nanoscale  structures  for  practical  applications. 

v.  Conclusion 

Nanoscale  fabrication  is  a  critical  aspect  of  any  nan¬ 
otechnology.  Optical  lithography  is  the  only  large-scale 
manufacturing  technique  that  the  IC  industry  has  ever  used 
for  pattern  definition.  Despite  continuing  predictions  of 
its  demise,  optical  lithography  continues  to  be  extended, 
most  recently  with  immersion  techniques  that  gain  by  the 
refractive  index  of  the  material  between  the  lens  and  the 
photoresist — initially  H20  with  an  index  of  1.44  at  193 
nm.  It  now  appears  likely  that  a  hyper-NA  (NA  >  1) 
optical  lithography  will  address  the  industry  needs  for  the 
45-nm  half-pitch  node.  Further  extensions  are  possible  and 
are  being  actively  investigated  for  even  finer  lithographic 
patterns. 

While  this  is  good  news  for  the  semiconductor  industry, 
the  cost  of  these  optical  lithography  tools,  ~$20  million  to 
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$30  million,  makes  them  inaccessible  to  a  typical  research 
environment.  Much  of  this  cost  is  associated  with  the  need  of 
the  industry  to  produce  fully  arbitrary  patterns  at  very  high 
throughputs.  Current  steppers  also  require  quite  expensive 
masks  (~$1  million  to  $2  million  for  a  microprocessor  mask 
set)  to  define  the  patterns  and  are  capable  of  a  throughput  of 
~85  wafers  per  hour,  each  with  ~125  dies  (22  x  33  mm2) 
across  a  300-mm-diameter  wafer;  this  corresponds  to  an  av¬ 
erage  sustained  data  throughput  rate  of  ~  10l  1  b/s. 

Fortunately,  nanoscience  research  often  requires  less  flex¬ 
ibility — for  example,  periodic  patterns — and  always  requires 
less  throughput.  The  needs  of  much  of  nanoscience  research 
can  be  met  at  a  substantially  lower  cost.  IL,  the  interference 
of  a  small  number  of  coherent  laser  beams,  readily  produces 
large-area  patterns  (several  square  centimeters)  at  the  same, 
and  even  smaller  scales  than  are  available  from  commercial 
steppers.  With  an  ArF  laser  source  at  193  nm  and  H  jO  im¬ 
mersion,  the  smallest  half-pitch  (equal  line:  space)  pattern 
accessible  extends  to  34  nm.  Spatial  frequency  multiplica¬ 
tion,  taking  advantage  of  nonlinearities  in  the  processing,  al¬ 
lows  extensions  by  a  factor  of  two  or  more,  extending  this 
capability  ultimately  to  below  10  nm.  Importantly,  IL  is  a 
maskless  approach  to  lithography  that  greatly  extends  flexi¬ 
bility  without  requiring  expensive  masks. 

Several  different  techniques  were  discussed  that  extend 
the  flexibility  of  IL.  Multiple  IL  exposures,  multiple-beam 
IL,  and  mix-and-match  with  both  high  resolution  (e-beam) 
and  with  lower  resolution  (proximity  optical  lithography) 
all  offer  complimentary  capabilities.  Taken  together,  these 
techniques  provide  a  facile  suite  of  techniques  applicable  to 
a  broad  range  of  nanoscience  applications,  with  a  resolution 
capability  that  ovals  standard  nanofabrication  techniques 
such  as  electron-beam  lithography,  but  with  a  large-area 
capability  that  often  allows  additional  diagnostic  techniques 
that  are  not  available  for  very  small  samples— and  of  course 
can  sustain  volume  manufacturing. 

Directed  self-assembly,  the  combination  of  self-assembly 
to  define  features  extending  to  molecular  dimensions  while 
retaining  the  organization  across  multiple  length  scales  from 
nanometers  to  centimeters  offered  by  optical  lithography, 
is  a  promising  future  direction.  Ultimately,  this  provides  a 
pathway  to  a  subnanometer  patterning  regime. 

IL  provides  the  limiting  resolution  of  optical  lithography, 
but  the  periodicity  poses  a  problem  for  some  applications, 
especially  for  the  IC  industry.  II L  was  introduced  as  an  ex¬ 
tension  of  IL  to  arbitrary  patterns.  Essentially,  II L  is  a  combi¬ 
nation  of  extreme  off-axis  illumination,  to  reach  the  highest 
spatial  frequencies  permitted  by  a  given  optical  system,  along 
with  imaging  pupil  plane  filters,  to  avoid  multiple  counting  of 
low  frequency  information  and  thereby  to  balance  the  image 
frequency  response.  With  the  addition  of  the  concept  of  spa¬ 
tial  frequency  multiplication,  IIL  offers  a  route  for  optical 
lithography  to  the  16-nm  half-pitch  limit  of  the  current  in¬ 
dustry  manufacturing  roadmap  extending  to  2019. 

Numerous  application  areas  for  nanoscale  patterns  were 
discussed.  Nanoscale  heteroepitaxy  provides  a  new  para¬ 
digm  for  heterostructure  crystal  growth.  The  use  of  nanoscale 
seeds  for  nucleation  of  many  small  crystals  provides  new 


capabilities  for  the  relief  of  lattice-mismatch  strain.  The 
important  dimensionless  parameters  are:  1)  the  ratio  of 
the  pattern  linear  dimension  to  the  adatom  mean-free  path 
so  that  an  adsorbed  atom  can  sample  the  entire  growing 
crystal  for  a  preferred,  low-energy  incorporation  site  and 
2)  the  ratio  of  the  pattern  linear  dimension  to  the  critical 
thickness  before  the  generation  of  defects  in  large-area 
heterostructure  growth.  These  techniques  are  applicable  to 
both  MBE  and  MOVPE,  the  dominant  growth  techniques 
for  advanced  heterostructure  devices.  In  the  case  of  MBE, 
selective  area  growth,  faceting,  and  lateral  overgrowth  and 
coalescence — all  of  which  are  rarely,  if  ever,  observed  for 
large-area  (>  l-/im  scale)  patterning — were  clearly  ob¬ 
served,  illustrating  the  fundamental  difference  afforded  by 
nanoscale  patterning.  Two  examples  were  given:  1)  growth 
of  a  relaxed  InGaAs  layer  on  a  GaAs  substrate  using  a  2-D 
SiC>2  masking  layer  and  2)  spatial  phase  separation  of  the 
cubic  and  hexagonal  phases  of  GaN  grown  on  a  (100)/{  111} 
patterned  Si  wafer. 

Nanofluidic  transport  and  separation,  particularly  of 
biomolecules,  is  another  exciting  application  for  nanoscale 
patterning.  Here  the  important  dimensionless  parameter 
is  the  ratio  of  the  linear  pattern  dimension  to  the  Debye 
screening  length  in  the  ionic  fluids  important  for  biology. 
A  double  layer  of  opposite  charges  forms  at  the  wall  of  a 
nanochannel  filled  with  an  ionic  fluid.  Electrokinetic  (elec¬ 
troosmosis  and  electrophoresis)  transport  is  impacted  by  the 
extent  of  this  double  layer.  This  Debye  length  is  of  the  order 
of  10  to  100  nm  for  most  situations  relevant  to  biology,  which 
sets  the  scale  differentiating  nanochannels  from  the  much 
more  widely  studied  microchannels  where  the  screening 
length  is  a  small  fraction  of  the  Debye  length.  An  integrated 
chip  was  demonstrated  that  combines  features  ranging  from 
50  nm  to  1  cm — a  five  order  of  magnitude  range!  Initial  flow 
measurements  were  presented  demonstrating  the  separation 
of  two  dyes  with  different  charge  states. 

Magnetic  storage  has  long  been  migrating  toward  smaller 
features  and  higher  densities  and  is  now  entering  an  era  of 
single-domain,  nanoscale,  multi  layer  structures.  Again,  I L  is 
a  powerful  fabrication  technique  for  the  production  of  large 
areas  and  for  ultimate  manufacturing  of  devices  and  circuits 
such  as  MRAMs. 

Nanooptics  and  nanophotonics  are  natural  applications 
for  IL.  Distributed  feedback  and  distributed  Bragg  reflector 
lasers,  requiring  nanoscale  1-D  patterning  have  long  been 
a  mainstay  for  the  spectroscopic  control  of  diode  lasers. 
Recently,  there  has  been  extended  interest  in  the  use  of  2-D 
patterning  for  photonic  crystals  to  control  optical  properties. 
This  extends  from  photonic  crystal  waveguides  with  missing 
or  modified  rows  of  holes  (posts)  to  guide  optical  beams 
to  the  use  of  photonic  crystals  for  light  extraction  from 
high-index,  semiconductor-based  LEDs.  Three-dimensional 
photonic  crystals  can  be  fabricated  both  with  layer-by-layer 
techniques  and  by  using  multiple  IL  beams  with  varying 
azimuthal  angles.  Metamaterials  and  plasmonics  are  another 
area  of  great  current  interest.  Using  simple  IL  procedures, 
large  areas  of  resonant  magnetically  coupled  resonators 
(tank  circuits)  with  resonances  throughout  the  mid-lR  spec- 
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tral  region  were  demonstrated.  Very  recently,  a  large-area 
negative  index  material  at  2  /j.m  was  demonstrated  using  a 
relatively  simple  IL  implementation. 

By  now  the  message  should  be  clear.  IL  provides  a 
readily  available,  inexpensive,  large-area  route  to  nanoscale 
patterning  of  great  impoitance  to  many  areas  in  nanotech¬ 
nology.  Combining  IL  with  self-assembly  techniques  in 
“directed  self-assembly”  extends  the  reach  of  patterning 
capabilities  truly  to  molecular  scales.  There  is  a  vast  range 
of  possibilities  across  many  different  fields  and  much  to  be 
learned  from  the  application  and  extension  of  the  techniques 
presented  here. 
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